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Chapter 1
Introduction
Chemistry is the science that studies the composition, properties and be-
havior of matter, typically of a large quantity of matter. Most experi-
ments in a chemistry laboratory involve an order of molecules of 1023, and
the results of the experiment, which is typically expressed in a spectrum
(e.g. NMR, mass analysis), represent an average of the behavior of all
these molecules. Hereby the behavior of individual molecules remains un-
revealed. This situation changed with the development of the scanning
probe microscopes (SPMs) in the 1980s.1, 2 Since then, molecules immobi-
lized on a surface can be imaged at (sub)-molecular resolution and so the
behavior of individual molecules can be monitored.3, 4 The resulting images
can reveal information about the interactions between the molecules them-
selves and between the molecules and the used surface.5–8 Furthermore,
the individual molecules can be imaged while they participate in a chem-
ical reaction.9–13 This has opened the route towards nano-systems, where
single atoms, atomic structures, or molecular building blocks are used to
attain a function.
Although SPM techniques can now be used to image molecules at a
(sub)-molecular resolution, not all details of the dynamic processes that
can occur at a surface are always revealed. For example, when chemical
reactions are studied one of the major downsides of scanning probe tech-
niques is that they are generally slow compared to the timescale at which
such reactions occur. So in most cases only a begin and end state are im-
aged9–11 and only occasionally a reactive intermediate.12, 13 Furthermore,
the species have to be attached to the surface, thus the process has to occur
at the surface. On the other hand, most SPM techniques are able to image
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additional spatial information besides the topography. For example, the
local density of states, the friction, or the local surface potential. Despite
all those possibilities, additional bulk analysis has to be performed in most
cases to support the hypothesis based on the observed chemical phenomena
by SPM.
1.1 Scanning probe microscopes
An SPM consists of a sharp probe which scans a surface of interest. Its
success depends on the ability to position the tip with a picometer precision
near the surface, and on the ability to measure small interactions between
the tip and the sample. The positioning of the probe is controlled by an
xyz scanner, which consists of piezo crystals. It deforms under an elec-
tronic potential difference, allowing very accurate positioning of the probe
with respect to the surface in the x, y, and z directions. While scanning
the surface in the x and y directions, an interaction between the probe
and sample is measured, Aref . The distance between the probe and the
sample’s surface, d, is kept constant using a feedback loop as depicted in
Figure 1.1a. Shown here is how the measured value of Aref is compared
with a desired, pre-set value, Aset. A resulting error signal, Aerror, is then
used by a controller to adjust the height of the probe such that Aerror is
kept as close to zero as possible. By monitoring the height of the probe, a
topography image of the surface is made. Additionally, other channels can
be recorded, such as the specifically measured interaction. This channel
can contain topography information if the feedback on the probe height is
insufficient.
1.1.1 Scanning Tunneling Microscopy
The scanning tunneling microscope STM was invented in 1982 and this was
the starting point of the development of a whole family of SPMs.1 A sharp
conducting probe (the tip) is placed on the xyz scanner and brought in
the proximity of a conducting sample. If the separation distance between
the apex of the tip and the sample, d, is small enough, electrons can tunnel
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from the tip to the sample and vice versa. By applying an electric potential
difference between the tip and the sample, the electron flow gets directed
and a tunnel current, It starts to flow. This current depends on d and is
used as feedback signal as depicted in Figure 1.1c.
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Figure 1.1: (a) General working principle of SPM. While scanning a surface
with a probe, a reference interaction between the probe and surface is measured. At
the black dot the reference interaction, Aref , is compared with the set interaction,
Aset. This results in an error signal, Aerror, which is used to correct the height
of the probe such that the error signal maintains as close as possible to zero. (b)
Working principle of tapping mode AFM. The probe is driven with a periodic height
oscillation. The actual height oscillations are measured using the reflection of a
laser beam on the backbone of the probe. The feedback circuit is used to maintain
the desired oscillation. A more detailed explanation is given in Section 1.1.3. (c)
Working principle of STM. Feedback on the height of the probe is regulated by the
measured tunnel current of electrons tunneling from the probe to the sample or
vice versa. This tunnel current is directed using a potential difference between the
probe and sample.
4 Chapter 1
When performing an STM experiment, two information channels can
be used: the topography and the current channel. In the topography mode
the feedback loop is used to maintain the measured current as close as
possible to the desired current, all the topography information is ideally
stored in the topography channel. Alternatively, when very flat samples
are used, the feedback can be reduced and the information of the topog-
raphy can be stored in the current channel. This mode is known as the
current mode or constant height mode. The topography mode is the most
used one since it directly shows the topography of the sample and reduces
the risk of tips crashing onto the sample. However if fast measurements
are required, the current mode can be used. These measurements are not
limited by the bandwidth of the feedback circuit and the tip stays at a
constant height, minimizing oscillations, i.e. false topography data, due to
fast height changes.
The tunnel current can be derived by simplifying the tunnel junction
to the energy diagram as shown in Figure 1.2a. In this model it is assumed
that the work function of the tip and sample are equal. When the applied
bias voltage between the tip and sample, Vbias, is small compared to these
work functions, Φ, the tunnel junction can be regarded as a rectangular
barrier with height Φ and width d. The tunnel current is then given by
It(d) = I0e
−2κd with κ =
√
2mΦ
~
and I0 =
e2
pi~
Vbias (1.1)
with the Planck constant ~, the charge of an electron e and the mass of
an electron m. A typical value for the work function of metals is 5.0 eV,
and thus a typical value for κ is 1.4 A˚−1, i.e. the current drops by one
order of magnitude when d is increased with 1.4 A˚. As a result of this
strong distance dependence, the tunnel current is mostly carried through
the outer most atom of the tip, making the tip ‘atomically sharp’, enabling
the atomic resolution of the STM. Beware that this model assumes that
the work functions of the tip and sample are equal and ignores the density
of states of the surface and tip. The variable I0 represents the current
impinging the tunnel barrier. Its value is based on the single atom contact
conductance.
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Figure 1.2: (a) Energy diagram of the tunnel junction. In order to obtain Equa-
tion (1.1) it is assumed that the work functions, Φ, of the tip and sample are
equal and that the applied potential, eV , is much smaller than the work function
(eVbias << Φ). (b) STM images of a quantum corral consisting of a ring (∅ = 15
nm) of 48 Fe ions on Cu(111).14 (d) STM images of an ordered monolayer of the
porphyrin molecule drawn in panel (c) at the HOPG/1-phenyloctane interface.15
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A more sophisticated approach is to apply Bardeen’s tunneling the-
ory16 to the tunnel junction.17, 18 This theoretical model, known as the
Tersoff-Hamann or s-wave-tip model, shows that the tunnel current is also
proportional to the local density of states of the sample. This practically
means that the measured topography images are actually a convolution of
the real height and the local density of states of the sample.14, 19
The two STM topography images in Figure 1.2b and d show the wide
spectrum of environments under which STMs can perform. The first image
shows 48 Fe atoms which were positioned in a ring on a Cu(111) surface.14
This image is recorded in ultrahigh vacuum (UHV) at 4 K, and under these
circumstances the eigenstates of the electrons in the ring are visible. This
example explicitly shows the convolution between the real height and the
local density of electronic states.
Figure 1.2d shows an ordered molecular monolayer of porphyrins (struc-
ture shown in panel c) at the highly oriented pyrolytic graphite (HOPG)/1-
phenyloctane interface.15 The image shows that the molecules order in
very regular patterns on the interface. Hereby, each of the bright crosses
corresponds with the central porphyrin structure of the used tetraphenyl-
porphyrins. In one direction these bright crosses lay side by side, while
in the other direction some space is maintained between the crosses. This
space is occupied by the alkyl tails which are connected to the four phenyl
rings of the used porphyrin molecule. As will be explained later, both the
central structure of the adsorbed molecule and the attached alkyl tails fa-
cilitate the formation of the stable and regular molecular monolayer. Also
here it should be mentioned that the shown topography is not the real
topography. The conjugated ring forming the central porphyrin structure
appears higher than the saturated hydrocarbon chains.
1.1.2 The Nijmegen Liquid STM
All STM images presented in this thesis are measured on the Nijmegen
liquid STM (NL-STM). It is designed for imaging molecular assemblies at
the solid/liquid interface under ambient conditions.20 Figure 1.3 shows a
picture of the NL-STM (a) and a simplified scheme of the electronics (b).
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In this setup the tip is virtually grounded and the bias voltage is applied
to the sample∗. In the STM head the current is amplified by 0.1V/nA.
In the base supporting the sample holder and STM head (not shown in
panel a) this value is amplified by ten. Tunnel currents can be measured
between 2 pA and 5 nA with a bandwidth of 0 t0 400 Hz. Unless stated
otherwise mechanically cut Pt90Ir10 (diameter 0.5 mm) tips are used within
this thesis.
The tip-sample region is easy accessible allowing the addition of small
droplets, of the order of µL, of non-conducting liquids directly to the sam-
ple. The experiments in this thesis were performed using freshly cleaved
HOPG (ZYB) or Au(111) samples. The Au(111) samples were prepared
by evaporating 99.99% gold on freshly cleaved mica.21 For all used liquids
the surface tension ensured that the droplet only touched the top facet of
∗This convention is maintained throughout the thesis. Unless when it is states other-
wise, all mentioned potentials are the potential of the sample with respect to the tip.
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Figure 1.3: a) Picture showing the STM head and the sample holder of the NL-
STM design.20 The sample is fixated using four screws in the lower ring (only
the front three are visible in this picture). The STM head rests on three screws on
the sample holder. The rearmost screw (a differential screw) is used to perform
a manual tip approach. b) Simplified scheme of the electronics of the NL-STM.
Details are given in the text.
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the sample.
The NL-STM is controlled using a commercial controller†. This con-
troller provided the requested bias voltage, feedback on the tunnel current,
piezo potentials and handles the data gathering. The microscope is placed
on an anti-vibration table and covered with an acoustically shielded Faraday
cage. The temperature during the experiments is 21±1◦C. On all images
a line subtraction is applied in the scan directions and the contrast is en-
hanced such that over the whole image the upper and lower 5% of the pixels
is saturated.
1.1.3 Atomic Force Microscopy
One of the major drawbacks of STM is the requirement to use a conducting
sample. Atomic force microscopy (AFM) is an alternative SPM technique
which does not require conducting tips and samples. AFM is one of the
most used SPM techniques, it can image surfaces under a wide variety
of environments. One of the major downsides of AFM with respect to
STM is that it is experimentally much more complicated to achieve atomic
resolution.
With AFM the sample’s surface is scanned with a force sensor consisting
of a tip placed on a cantilever, as shown in Figure 1.1b. The forces acting
on the tip are recorded by measuring the bending of the cantilever. Using
a laser beam, the reflectivity of the cantilever and a photodiode detector, a
light lever is created. This enables a very precise measurement of the forces
acting on the tip. The deflection of the tip cantilever is measured and used
as feedback signal.
The main interactions between the tip and sample are Van der Waals
interactions. These can be approximated as a Lennard-Jones potential,
which has an attractive and a repulsive region. Imaging can be performed
in different modes, depending on the used region of the Lennard-Jones po-
tential. At short tip-sample separation distances, d, the electronic orbitals
of the atoms in the tip and sample overlap, resulting in a repulsive force. At
†Omicron MATRIX or omicron SCALA
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this point the tip is in contact with the sample and the cantilever is bent.
A topography image is made by keeping the bending of the cantilever con-
stant while scanning the sample. This mode is known as contact or static
mode.
Alternatively, the distance between the tip and the sample can be en-
larged and the attractive force can be measured and used as feedback sig-
nal. This is done by driving the tip cantilever system into oscillation near
its resonance frequency. Due to the attractive interactions the frequency,
amplitude, and phase of the tip cantilever system differ from the driving
frequency, amplitude, and phase. In non-contact or frequency modulation
mode, the difference in frequency is used as feedback signal. In tapping,
intermittent contact, AC or vibrating, or amplitude modulation mode, the
difference in amplitude is used as feedback signal. All AFM measurements
described in this thesis were recorded using a commercial AFM‡ used in
tapping mode.
1.2 STM imaging of molecular monolayers at the
solid-liquid interface
Molecular monolayers can be imaged by SPM at the solid/liquid interface,
solid/gas interface and solid/vacuum interface. In the first two cases the
experiments can be performed under ambient conditions (solid/liquid or
solid/air interfaces at room temperature). This thesis focusses on the be-
havior of molecules in monolayers under ambient conditions at mainly the
solid/liquid interface.
Self-assembled monolayers can be formed at the solid/liquid interface
by applying a droplet of a solution on a solid sample. Molecules dissolved in
the solvent might self-assemble at the interface, forming a molecular mono-
layer. The assembly of molecules on the interface is governed by molecule-
molecule, molecule-solvent, solvent-substrate and molecule-substrate inter-
actions.22 Chemisorbed monolayers involve molecules which are covalently
‡Veeco Dimension 3100
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bound to the surface. These strong bonds permit little control over the
formed molecular pattern.23, 24 Physisorbed monolayers, on the other hand,
are less tightly bound to the surface by non-covalent interactions, and there
is more control over the positioning of the molecules on the surface. The
most common interactions in physisorbed monolayers are hydrogen bond-
ing,4, 7, 25 metal-ligand coordination,8, 26 pi − pi interactions,27–29 van der
Waals interactions15, 30, 31 and dipole-dipole interactions.32, 33
Experimentally, the outcome of the self-assembled structure can be in-
fluenced by changing the chemical and/or physical settings of the system.
The formed molecular patterns can be controlled by changing the design
of the molecule,7, 34 or by changing physical parameters, for example the
concentration of the solutes,35–39 or the temperature.40, 41
1.3 Imaging chemical reactions at the solid/liquid
interface
The ability to image molecules immobilized on a surface makes it also
possible to see them while they are participating in a chemical reaction.
For example, the begin and end products of light-induced reactions, cis-
trans isomerization, dimerization, and polymerization have been imaged
by STM.42–45 Although only the begin and end product were imaged the
images gave some information of the reaction mechanism: the described
dimerization and polymerization reactions are topochemically controlled in
the solid state, and this is also reflected at the solid/liquid interface, where
the reaction can only occur if the reactants are close enough and in the
right adsorption geometry.44
Besides using light to trigger chemical reactions, also the potential dif-
ference between the interface and tip can start a chemical reaction. For
example using a positive voltage pulse a defect was created in a monolayer
of a diacetylene compound. Then, by applying a negative pulse, the poly-
merization of the diacetylenes was induced from the location of the pulse
till the created defect.46 In related research a similar polymerization could
be induced by both a voltage pulse applied using the STM tip or by UV
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Figure 1.4: (b) Molecular structure of the manganese porphyrins MnTUPCl
and MnTAmPPCl.(c) STM images (24×13 nm) of a monolayer of MnTUPCl
at the n-tetradecane/HOPG interface showing both the reduced and manganese-oxo
porphyrins.12The higher species are the manganese-oxo porphyrins. Added stilbene
molecules are epoxidized by the manganese-oxo porphyrins as depicted in panel
(a).(d) Detail (16×9 nm) of an STM image of a monolayer of MnTAmPPCl at
the 1-octanoic acid/HOPG interface. The four appearances shown are assigned to
the intermediates in the reaction path shown in (e).13
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light.47
A voltage pulse can also affect the oxidation state of molecules ad-
sorbed on a surface. The change in oxidation state can then be imaged by
STM.48, 49 By applying a negative voltage pulse, copper porphyrins self-
assembled at a solid/liquid interface can be reduced twice. They appear
differently in the STM images by having a different apparent height. The
reduced species can be reoxidized to their native, neutral, state by ap-
plying a positive pulse. STM allowed investigation of the behavior of the
individual reduced species, which were revealed to be stable under the used
experimental conditions.
Meso-tetraphenyl or meso-tetraalkyl porphyrins are of special interest
since they can be used as simplified mimics of heme and chlorophyll.50, 51
Examples of STM studies on the reactivity of porphyrins are the oxy-
genation of cobalt and manganese porphyrins.11–13 Manganese porphyrins
such as 5,10,15,20-tetraundecylporphyrinatomanganese(III) chloride (Mn-
TUPCl, Figure 1.4b) dissolved in n-tetradecane were physisorbed at an
Au(111) surface. STM images showed that a stable monolayer of Mn-
TUPCl was formed at the n-tetradecane/Au(111) interface (Figure 1.4c).12
Furthermore, UV-vis reflectance spectra suggested that upon the adsorp-
tion of the MnTUPCl molecules the chloride ligand dissociated and that
the manganese center was reduced from Mn(III) to Mn(II). Subsequently
these complexes were capable of binding dual dissociating dissolved oxy-
gen molecules (present as a contamination or intentionally added) forming
Mn(IV)-oxo species. As can be seen in Figure 1.4c these species appear
higher in the STM images. Analysis of these images revealed that there
was a preference to distribute both oxygen atoms of an oxygen molecule
over two adjacent manganese porphyrins at the surface. In a final reac-
tion step, stilbene was added to the supernatant solution and this alkene
was epoxidized into stilbene-oxide, catalyzed by the Mn(IV)-oxo species, as
shown in Figure 1.4a. This STM study was the first example of real-time
single-molecule studies of oxidation catalysis under ambient conditions at
a solid/liquid interface. It revealed the distribution of oxygen atoms over
the manganese porphyrins decorated Au(111)/n-tetradecane interface and
it was found that the catalysts remained active and stable for several days.
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Both conclusions could not be drawn from bulk catalysis studies in solu-
tions.
In another STM study the different oxidation states of manganese por-
phyrins during a similar reaction with oxygen were identified in one STM
image. Manganese porphyrins (5,10,15,20-tetrakis[4-(R,R,R,R)-2-N-octa-
decylamidoethyloxyphenyl]porphyrin manganese(III) chloride, MnTAm-
PPCl, Figure 1.4b) self-assembled into a molecular monolayer at the 1-
octanoic acid/HOPG interface.13 At bias voltages more negative than
−700 mV the porphyrins showed four different appearances (Figure 1.4d),
which were assigned to the starting compound, reaction intermediates, and
the product of a reaction of the porphyrins with oxygen to form a µ-oxo-
bridged porphyrin dimer. The reaction path and assignment of the various
signatures are shown in Figure 1.4e. As mentioned earlier, the STM setup
can be used to induce a reaction. In this case the proposed reactions were
only observed when the bias voltage was more negative than −700 mV.
It is assumed that the HOPG actively reduces the MnTAmPPCl. The
possibility to image not only the begin state and product, but also in-
termediates, opens the opportunity to image the transition between the
intermediates, providing mechanistic details which would remain obscured
when only ensemble analysis techniques would be used.
The formation of µ-oxo-bridged porphyrin dimers in the self-assembled
monolayer of the molecules of MnTAmPPCl can also be trigged by a volt-
age pulse.52 In order to form the µ-oxo-bridged porphyrin dimers the pulse
voltage must pass a threshold of ∼2–3 V. The polarity and magnitude of
the voltage pulse determine the yield. In these experiments, intermediates
are not observed.
1.4 Aim and content of the thesis
The examples given above show how STM can be used to image chemi-
cal reactions at the solid/liquid interface. Owing to the spatial resolution
the STM images revealed information on the behavior of the individual
molecules during the chemical processes. In general the aim of this thesis
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is to get a more in-depth understanding of the chemical reactivity of por-
phyrins at the solid/liquid interface. More specific, in this thesis studies to
get a better control over the ordering of porphyrins on a surface and to get
a better understanding of their redox behavior will be presented.
The positioning of the adsorbed molecules over the solid/liquid interface
has a role in the reactivity of the individual molecules. The examples above
show that the two oxygen atoms of the oxygen molecule are adsorbed on
adjacent manganese porphyrins at the surface. This raises the question,
what is the role of the distance between the manganese centers on the
reactivity. Possible methods to affect the ordering of molecules in a self-
assembled monolayer are a change in their structure or by using a second,
templating, molecule to guide the ordering of the first. These approaches
are described in Chapters 2 and 3. Chapter 2 describes the self-assembly of
covalently linked porphyrin dimers at the solid/liquid interface. Depending
on their chemical structure they assemble in different surface structures.
The use of a molecular template to change the ordering of porphyrins at
the solid/liquid interface is described in Chapter 3.
To investigate how manganese porphyrins are reduced the structural
and electronic interactions between the manganese porphyrins and the sam-
ple surface are studied in Chapter 4. The introduction of porphyrins into
the STM setup can lead to an additional current on top of the STM tun-
nel current. Analyses of this behavior in combination with ex-situ UV-vis
measurements revealed information on the reduction of the manganese por-
phyrins and the role of the chloride ligands.
In order to get control over the redox behavior of the adsorbed molecules
an electrochemical three-electrode cell is implemented into the NL-STM
setup. The thus formed Nijmegen electrochemical STM (NEC-STM) can
be used to image surfaces under electrochemical control and to study the
electrochemical behavior of an adsorbed molecular monolayer. Chapter 5
describes the design of the NEC-STM, example images of surfaces under
full electrochemical control and the working range of the NEC-STM. Chap-
ter 6 describes how the three electrode cell can be used to characterize the
electrochemical and electrocatalytic behavior of a molecular modified sur-
face.
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Chapter 2
STM studies of porphyrin dimers at the
solid/liquid interface
As mentioned in Chapter 1, STM revealed that during a catalytic epoxida-
tion reaction on a gold surface decorated with manganese porphyrins, the
two oxygen atoms of O2 preferentially bound at adjacent porphyrins.
1 The
same behavior for the distribution of the oxygen atoms at adjacent man-
ganese porphyrins was found at the 1-octanoic acid/HOPG interface.2 At
these surfaces, the distance between the porphyrin centers is determined by
the self-assembly pattern of the molecules and is therefore fixed. This chap-
ter describes the self-assembly behavior of porphyrin dimers at a HOPG
substrate.
The dimers are formed by linking two porphyrins via a covalent bond.
By using dimers the distance between the porphyrin centers is fixed in one
direction and so determined by the nature of the bond between the por-
phyrin moieties. This control over the spatial distribution of the porphyrins
moieties may come with a price. Covalently linked porphyrins (porphyrin
oligomers) are promising building blocks in research areas such as molecu-
lar scale electronics,3–7 artificial photosynthesis,8–10 and novel optical ma-
terials.11–13 Hereby new opportunities are exploited since the (functional)
properties of the porphyrins change when they become part of a porphyrin
oligomer.
The main differences in properties that have to be considered when
using the covalently linked dimers in the catalysis experiments described
above are: a change in the redox behavior of the porphyrin dimers with
respect to that of the monomers, and the introduction of a possible elec-
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tronic interaction between the porphyrins within the dimer. In the case
of zinc porphyrins, cyclic voltammetry showed that the potential at which
the porphyrin ring is reduced or oxidized changed upon the formation of
covalently linked dimers and higher oligomers.10 Furthermore, the type
of bond between the porphyrins and the location of the bond between the
porphyrins can have a pronounced effect on the electronic coupling between
the porphyrin moieties.14
In this chapter the self-assembly of two types of porphyrin dimers on
HOPG is studied. As shown in Chart 2.1, both dimers are built up from
tetraphenyl-porphyrins, equipped with octadecyl tails. Van der Waals in-
teractions between the tails and the HOPG should assist in the adsorption
of these molecules on the surface.15
The top dimer in Chart 2.1 was the first type of bis-porphyrin struc-
ture made.16 The structure can be extended to higher oligomers, creating
a molecular wire.7 The conductivity through the wire is ensured by the
conjugated 1,4,5,8-tetra-azaanthracene (TA) linker between the β-pyrrolic
moieties of the porphyrins. As a result, charge can be delocalized over the
whole molecule. The TA-linked dimers are coplanar, which should facili-
tate the adsorption on the flat HOPG surface via pi–pi and Van der Waals
interactions. Two homometallic porphyrin dimers were synthesized, one
with two copper centers, CuTACu, and one with two Mn(III)−Cl centers,
MnTAMn.
The bottom dimer shown in Chart 2.1 consists of two porphyrin moieties
linked by an acetylene group (AC), which is attached to the meso-phenyl
positions of the porphyrin moieties. As a result, this dimer has two alkyl
tails less than the TA-linked dimers. Two different acetylene-linked dimers
were synthesized: a homometallic porphyrin dimer, with copper centers in
both porphyrin moieties, CuACCu, and a heterometallic porphyrin dimer
with one copper center and one Mn(III)−Cl center, MnACCu. The acety-
lene linker ensures a rigid and well-defined connection. However, opposed
to the TA-linked dimers, the porphyrin moieties can rotate with respect
to each other along the phenyl-acetylene bond. Furthermore, in contrast
to the TA-linked dimers, the AC-linked dimer is designed such that elec-
tronic charge is localized over both individual porphyrin moieties, due to
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Chart 2.1: Molecular structures of the porphyrin dimers used in this chapter,
CuTACu, MnTAMn, CuACCu, and MnACCu.
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weak electronic coupling between the phenyl groups and the aromatic por-
phyrin plane.
Studies of self-assembled structures of porphyrin oligomers by STM are
limited. Metal-porphyrin dodecamers and hexamers form self-assembled
patterns at the HOPG/1-phenyloctane interface.17, 18 They orient them-
selves in two different orientations: ‘face-on’ with the porphyrin moieties
parallel to the HOPG surface or ‘edge-on’ with the porphyrin moieties
standing upright on the HOPG surface. The formed orientations can be
steered using coordinating axial ligands. Porphyrin dodecamers and tetra-
cosans have also been imaged by STM and the oligomers were found to as-
semble on the steps of the underlying substrate.19–22 Porphyrin dimers were
studied in ultra high vacuum: self-assembled patterns of zinc-porphyrin
dimers can act as a molecular template for C60 molecules.
23 In another
study, the electron transport through zinc-porphyrin dimers was character-
ized. In this case the results of isolated dimers and dimers in a close-packed
monolayer were compared.6
2.1 Self-assembly of the TA-linked dimers
Self-assembled monolayers of CuTACu and MnTAMn on the HOPG/1-
octanoic acid interface are shown in Figure 2.1. Droplets of 3–5 µL with
concentrations of 10−5 M were applied to a freshly cleaved HOPG surface.
Images of the monolayer could be made in approximately 20% of the at-
tempts. In the remaining 80% of the attempts in most cases a poor resolu-
tion was obtained. Mostly, vague lamellas were observed and no molecular
resolution was achieved.
The orientation of the dimers of CuTACu in the monolayers can be
derived from Figure 2.1a. The bright spots in this image are assigned to
the porphyrin moieties in the dimers, and consequently two of those bright
spots form one dimer. The dimers are aligned along the bright lamellae
in the STM image, as proposed in Figure 2.1d. This can be concluded
by considering the distances between the porphyrin moieties along and
perpendicular to the lamellae. A unit cell of the monolayer structure is
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drawn in Figure 2.1a, the dimensions of the vectors are a = 3.5 ± 0.2 nm,
b = 3.9± 0.2 nm, with an angle of 79± 8◦.
Based on the distance between the lamellae, b, the alkyl tails have to
be interdigitated. This is confirmed by the fact that in some parts of the
image the alkyl tails are visible in the darker regions between the bright
lamellae. In the inset of Figure 2.1a, the tails can be discerned, and careful
analysis reveals that they are all absorbed on the HOPG surface and are
interdigitated. They are, however not always ordered alternately, i.e., one
tail originating from a dimer in the top lamella is not necessarily followed by
a tail originating from a dimer in the bottom lamella. This can also be seen
by considering the upper row of dimers in the model (Figure 2.1e), which
shows that the tails are not regularly distributed. The tails are organized
in pairs as a result of the spacing between the porphyrin moieties within
one dimer and the spacing between the porphyrin moieties of two adjacent
dimers. The distance between the two tails that form a pair does not allow
a third tail form another dimer in between. Therefore, the tails are ordered
in pairs: two tails from the top dimer are followed by two tails of the bottom
dimer et cetera.
Based on the orientation of the dimers one would expect to observe an
even number of bright spots along each lamella. This indeed is observed
when the lamella along line 1 in Figure 2.1a is considered. However, when
the lamella along line 2 is inspected, an odd number of spots is observed.
The cross sections of both lines are shown in Figure 2.1c. Cross section
1 shows the apparent height profile of six dimers. Twelve protrusions are
observed, each corresponding to a porphyrin moiety in the dimers. The gray
boxes indicate the separate dimers. As can be seen, the depression between
the porphyrin moieties in a dimer is less deep than the depression between
the porphyrin moieties of two neighboring dimers. If we now consider cross
section 2, dimers can also be assigned based on the apparent height of the
porphyrin moieties. Again the gray boxes indicate which of the protrusions
form a dimer. Based on this analysis, the fifth protrusion from the left,
with a width of 1.8± 0.1 nm, is not a member of a dimer. This feature can
be assigned as a vacant site. The model shown in Figure 2.1d also shows
a vacancy. Since the alkyl tails are not ordered alternately, the next spot
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Figure 2.1: STM images of (a) CuTACu and (b) MnTAMn on the HOPG/1-
octanoic acid interface. (a) The vectors a and b span an unit cell. The inset is
a magnification of the data shown. The cross sections shown in (c) correspond
with the lines drawn in panel (a). (d) Cross section on the line drawn in panel
(b). (e) A model for the orientation of the dimers at the interface. Also shown
is a vacancy, as described in the text. Tunnel parameters: (a) Vbias = −350 mV,
It = 5.5 pA, (b) Vbias = −450 mV, It = 2.1 pA
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available is half a dimer distance away. This distance, a/2 = 1.75±0.1 nm,
is in agreement with the width of the described feature, 1.8± 0.1 nm.
A self-assembled monolayer of MnTAMn at the HOPG/1-octanoic
acid interface is shown in Figure 2.1b. Although the resolution is not
as good as that of the monolayer of CuTACu in Figure 2.1a, it is clear
that a monolayer has been formed. The same lamellar structure is ob-
served as in the case of CuTACu, and its dimensions (a′ = 3.4± 0.4 nm,
b′ = 3.9± 0.3 nm, with an angle of 80± 10◦ ∗) are in agreement within the
measurement error of those of CuTACu. So the replacement of the Cu
centers by Mn(III)−Cl does not change the ordering of the dimers on the
HOPG surface. The same ordering and resolution was also observed at the
HOPG/1-phenyloctane interface. The difference in resolution between the
images of the monolayers of the molecules of CuTACu and MnTAMn
could be explained by the presence of the chloride ligand. This ligand may
hinder the adsorption of the dimers on the HOPG, or alternatively it can
alter the tunnel path from the HOPG to the tip.
The self-assembled monolayers of CuTACu and MnTAMn are not
very stable. They only persist when the tunnel current is maintained below
10 pA, and even then the monolayers disappear typically after 30 minutes
of scanning.
Although the resolution is not optimal some manganese centers appear
to be brighter. The cross section shown in Figure 2.1d show an appar-
ent height difference of 0.1 nm between the brighter and other manganese
centers. The bright features have a radius of 1.2 nm and thus span only
one manganese center, not the whole dimer structure. Due to the lack
of sub-molecular resolution, it is not possible to determine whether more
than two states are present in the monolayer. The origin of the brighter
features is unclear and due to the instability of the monolayer additional
experiments were challenging and the results inconclusive. Based on the
observed reduction and subsequently oxidation of manganese monomers,1
∗The unit cell vectors have the same symbols indicating that the used dimer structures
are equal, except for their metal centers, the prime is added since the experimentally
determined unit cells differ (insignificantly).
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we propose, bluntly and without the support of measurement results, that
the brighter features are oxidized manganese center. It is less likely that the
observed features are the intermediate state in which the porphyrin struc-
ture is reduced. Because in that case the positive charge would, due to the
conjugated linker, most likely be distributed over the whole dimer structure
resulting in an apparent height difference of the whole dimer. This was not
observed. Alternative explanations would be a difference in the orientation
with respect to the underlying HOPG or a difference in orientation of the
chloride ligand.
2.2 Self assembly of the acetylene-linked dimers
The self-assembly behavior of CuACCu at the solid/liquid interface is
shown in Figure 2.2. Upon the addition of a droplet of a solution of
CuACCu in 1-phenyloctane (concentration 4.6 × 10−5 M) onto a freshly
cleaved HOPG surface, an extended monolayer structure was observed.
Herein the dimers are oriented in bright zigzag-like lamellae (Figure 2.2a).
In the magnification in Figure 2.2b, the porphyrin dimers are submolecu-
larly resolved, revealing the individual porphyrin moieties, which appear as
cross-like features. The alkyl tails are less resolved and reside in the dark
regions between the bright signatures.
The proposed orientation of one dimer molecule is indicated by a molec-
ular model superimposed on the STM image in Figure 2.2b. The unit
cell contains one molecule of CuACCu and was determined to be c =
3.5± 0.1 nm and d = 4.1± 0.1 nm, with an angle of 68± 2◦.
A few STM studies of mixed monolayers of monomeric porphyrins with
different metal centers have been reported.24, 25 Based on the difference
in electronic signature of the metal centers, these porphyrins could be eas-
ily distinguished by STM. So far, no covalently linked porphyrin dimers
containing different metal centers have been imaged by STM.
When a droplet of a solution of the heterometallic-porphyrin dimer
MnACCu in 1-phenyloctane (concentration 4.6× 10−5 M) was placed on
HOPG, large domains of porphyrin dimers were observed by STM (Fig-
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ure 2.3a). The two halves of each of the dimers clearly show different
signatures, which is attributed to the presence of different metals in the
porphyrin cores and the absence or presence of the chloride ligand. While
the copper porphyrin moieties appear relatively dark, the manganese chlo-
ride porphyrin moieties have a bright feature in their core. Similarly as
seen for the TA-linked dimers, the unit cell of the monolayer of MnACCu
matches that of the monolayer of CuACCu.
Although the unit cells for the MnACCu and CuACCu assemblies
are the same, the molecular ordering is underdefined by only the unit cell
parameters, due to a change in the symmetry of the dimers. The rotational
symmetry of the dimers along the center of the acetylene bond in the plane
of the interface has changed, from C2 for CuACCu to C1 for MnACCu. A
full description of the molecular monolayer must also include the orientation
of the MnACCu molecules. This orientation is schematically described by
an arrow running from the Cu to the Mn−Cl center within one dimer. As
shown in Figure 2.3b, the arrows of neighboring dimers can be aligned or
be exactly the opposite. The orientations were quantified by analyzing
635 molecules in the monolayer. In the case of 338 of these dimers (53%),
a
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Figure 2.2: STM images of CuACCu at the HOPG/1-phenyloctane interface.
(b) shows a magnification of panel (a) with a molecular model of the conjugated
parts of CuACCu superimposed. A unit cell is also drawn in panel (b). Tunnel
parameters: Vbias = −450 mV, It = 3.0 pA
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the arrows were aligned, i.e., a Mn−Cl porphyrin moiety was located next
to a Cu porphyrin moiety of the adjacent dimer. This indicates that the
MnACCu dimers do not have a preferred orientation with respect to their
neighbors in the same lamella.
The unit cell dimensions of the AC-linked dimers differ only slightly
from the unit cell dimensions of the TA-linked dimers: the measured unit
cell areas are 13.4± 1.0 nm2 and 13.3± 0.5 nm2 for TA-linked dimers and
the AC-linked dimers, respectively. Since the AC-linked dimers have two
tails less than the TA-linked dimers and all tails of the TA-linked dimers
are absorbed on the HOPG surface, a smaller unit cell area was expected for
the AC-linked dimers. Based on the comparison between the unit cell areas
it is likely that all six alkyl tails of the AC-linked dimers are absorbed on
the HOPG surface. If this is true, then the eight alkyl tails of the TA-linked
dimers occupy roughly an equal area as the six alkyl tails of the AC-linked
b
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Mn
Cu
Cu
Cu
CuCu
Cu
Cu
Cu
AND AND
53%   47%
a
10 nm
d
c
Figure 2.3: (a) STM image of a self-assembled monolayer of MnACCu at
the HOPG/1-phenyloctane interface. (b) Schematic orientation of the copper and
manganese porphyrin moieties with respect to each other in the monolayers. Tun-
nel parameters: Vbias = −450 mV, It = 5.0 pA.
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dimers. A possible explanation for the instability of the TA-linked dimers
monolayers is that the alkyl tails of the TA-linked dimers are only partly
adsorbed on the HOPG surface or that their ordering is not commensurate
with the underlying HOPG.
2.2.1 Bilayer structure
In several attempts to create a self-assembled monolayer of MnACCu the
molecules appeared to be arranged in a double layer, as shown in Figure 2.4a
and b. Several other STM studies of bilayer structures at a solid/liquid in-
terface have been reported.26–28 The proposed orientation of the dimers
in the top and bottom layer is depicted in Figure 2.4b. Dimers in the
top layer (dashed squares) span two adjacent dimers in the bottom layer
(solid squares). Hereby, the two porphyrin moieties of the top dimer are
in an H-type geometry (almost above) and offset geometry, respectively,
with respect to the porphyrin moieties in the bottom layer. Similar double
layers were never observed for CuACCu, which suggests that the Mn−Cl
porphyrin moiety of MnACCu plays an essential role in bilayer forma-
tion, probably because of specific favorable pi − pi interactions between the
porphyrins in the top and the bottom layer. An interesting aspect of the
bilayer structure is the significant difference in unit cell parameters when
compared to the unit cell of a monolayer of MnACCu: for the bilayer the
unit cells of both the bottom and the top layer of MnACCu have dimen-
sions of e = 4.0±0.4 nm and f = 4.3±0.1 nm, with an angle of 76±2◦. This
means that the presence of the top layer has an impact on the organization
of the bottom layer of porphyrin dimers with respect to the graphite sur-
face, which is probably the result of specific stacking interactions between
the porphyrins in the two layers.
Both in the H-type geometry and in the offset geometry, the metal cen-
ters in the bottom and top layer can have 9 different orientations with re-
spect to each other, which are shown in Figure 2.4c. Of these 9 orientations,
4 are unlikely to occur. First, previous STM experiments have indicated
that the chloride ligand of a manganese porphyrin is pointing away from
the used substrate.1, 2, 29 Furthermore, it is energetically unlikely that the
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Figure 2.4: (a) STM image of a self-assembled bilayer of MnACCu at the
HOPG/1-phenyloctane interface. (b) Magnification of the STM image in (a), the
dashed squares represent porphyrin dimers in the top layer and the solid squares
the porphyrins in the bottom layer. (c) Side views of all possible stackings of the
metal centers of the porphyrins in the bilayer structure. (d), (e) and (f) Side
views of possible orientations of MnACCu in the bilayer. Tunnel parameters:
Vbias = −450 mV, It = 5.0 pA.
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dipoles of the Mn-Cl bonds align anti-parallel. The 5 orientations on the
left in Figure 2.4c are more probable.
Statistical analysis of 1223 molecules in the STM images revealed that
60% of the porphyrins in the top layer in the H-type geometry had a
Mn−Cl center. They exist in stacked porphyrin moieties of the types:
Cu· · ·Mn−Cl, Mn−Cl· · ·Mn−Cl or Cu· · ·Cl−Mn. Their stacking possibil-
ities are shown in Figure 2.4d, e and f, respectively. All stacking geometries
are plausible. In the stacking geometry shown in Figure 2.4e the dipoles of
the Mn−Cl centers are aligned, which may minimize the energy. On the
other hand, in this stacking geometry and the one present in Figure 2.4f
the Cl axial ligand enlarges the distance between the porphyrin moieties,
which might lead to non-optimal pi-pi interactions between the porphyrin
moieties in the bilayer.
Dynamics in the MnACCu bilayer structure
As mentioned, 60% of the porphyrins in the top layer in the H-type geome-
try has a Mn−Cl center. This slight preference in stacking geometry implies
a slight energetical difference between the different possible stacking geome-
tries. In an attempt to minimize the unfavorable stacking geometry, the
top layer turned out to be capable of reorganizing itself via two different
processes: (i) by desorption and readsorption of single porphyrin dimers
from the top layer, mediated by the supernatant, or (ii) by a complete
2-dimensional translation of the top layer.
Dynamic single molecules The first process was evident from the ob-
servation that between consecutive STM scans (∆t = 5 min.) MnACCu
molecules were observed in the top layer in which the orientation of their
Cu and Mn−Cl centers had switched (contrast-enhanced STM images in
Figure 2.5). When a 50 × 50 nm2 area of the bilayer was monitored for
more than ten consecutive scans, a minimum of 22 porphyrin dimers per
scan changed orientation, while the other dimers in the top layer seemed to
retain their position. These numbers correspond roughly with 10% of the
imaged dimers within a time frame of 30 minutes.
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The dynamic behavior can be explained by assuming that the pi − pi
stacking and Van der Waals interactions between the top and bottom layer
of porphyrin dimers are relatively weak. This allows molecules from the
top layer to desorb and dissolve in the supernatant solution, while the same
or another molecule from that solution can subsequently fill the vacancy.
This incoming dimer can either orient itself in the same direction as the
previously present one or adopt an opposite orientation.
Vacancies were never observed in the top layer, which indicates that it
is energetically unfavorable to leave the vacancies that are created by des-
orption of a porphyrin dimer unoccupied, and that the dynamic exchange
process of desorption and adsorption is fast on the STM scanning scale. It
is also possible that a vacancy is filled by lateral movement of neighboring
porphyrin dimers, but in that case vacancies were expected to be formed
at other locations in the bilayer.
Dynamic top layer Intriguingly, the top layer was also able to reorient
itself as a whole, over rather large domains of 50 × 50 nm2. The STM
a b c
3 nm
Figure 2.5: Three consecutive STM images (∆t = 5 min.) of a bilayer of
MnACCu at the HOPG/1-phenyloctane interface, revealing the dynamics between
the two layers. The arrows are pointing from the Cu center to the Mn−Cl cen-
ter of a dimer. Dimers that have not reoriented are indicated by a solid arrow,
dimers that have reoriented are indicated by a dashed arrow. Tunnel parameters:
Vbias = −450 mV, It = 5.0 pA
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images in Figure 2.6 show magnifications of such a domain, and reveal a
dynamic process, which is attributed to a rearrangement of the top layer.
The orientation of the dimers is drawn as the dashed (top layer) and solid
(bottom layer) squares. The apparent height of the porphyrin moieties
along the solid arrow in Figure 2.6a is shown in Figure 2.6d. In the offset
geometry, a height of 0.10 nm and 0.15 nm, was measured for the bottom (1)
and top (2) porphyrin moieties, respectively. Two porphyrins in the H-type
geometry (3) show an apparent height of almost 0.20 nm, which is twice
that of porphyrin moiety 1 and only slightly higher than the offset-stacked
porphyrins at location 2. This difference might be the result of a somewhat
larger steric hindrance between two porphyrins in an H-type assembly, or
by a higher conductivity through the pi-stacked aromatic systems.
When the layers were monitored for 15 minutes, it was observed once
that the geometry between the porphyrins in the top and bottom layers
changed completely to an H-type structure (Figure 2.6b). This geometry
change was accompanied and confirmed by changes in the apparent height
profiles (Figure 2.6e) and caused by a movement of porphyrin dimers in the
top layer, along the lamella, from a partly offset to a full H-type geometry
(Figure 2.6a→b).
Although such a geometry is not expected to be the most energetically
favorable one, it seems that when a translation to an H-type assembly oc-
curs somewhere in the top layer, it is subsequently transferred throughout
the entire layer. The translation of the top layer cannot be attributed to
a tip effect pushing the molecules into an H-type geometry, since the up
and down scans show the two different aggregation types at different lo-
cations in a single scan line in the consecutive scans. However, the tip
might have induced the first porphyrin dimers into their new geometry, af-
ter which the system took over and gradually changed the packing over the
entire scan area. After its formation, the H-type packing of the porphyrins
was only observed during four consecutive scans, which indicates that it
is thermodynamically unfavorable. The porphyrin dimers in the top layer
subsequently moved again along the lamella into a new packing, resembling
the first one (Figure 2.6b→c), and this packing remained stable for many
consecutive scans. However, in this final packing the offset-stacked por-
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Figure 2.6: (a), (b), and (c) Three consecutive STM images (∆t = 1 min.
and 5 min.) of a bilayer of MnACCu at the HOPG/1-phenyloctane interface,
showing a full repositioning of the top layer with respect to the bottom layer. The
dashed arrows indicate the direction in which porphyrin dimers in the top layer
are moving. Tunnel parameters: Vbias = −450 mV, It = 5.0 pA. (d), (e), and (f)
Cross sections corresponding to the solid arrows in the panels (a), (b), and (c),
respectively. (g) Schematic representation of an energy diagram of the top layer
translation of the porphyrin dimers.
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phyrins were positioned at the other side of the porphyrins in the bottom
layer when compared with the packing in Figure 2.6a. This difference was
also confirmed by the apparent height profiles (Figure 2.6f).
Figure 2.6g shows a proposed schematic representation of an energy
diagram of the top layer translation of the porphyrin dimers as shown in
2.6a, b, and c. The initial orientation of the top layer of the porphyrin
dimers, offset-H, reorganizes itself to an H-H type orientation, which is
expected to demand energy. In order to regain that energy, the system
finally reorients itself in an H-offset orientation.
The observed movement of apparently the whole top layer is another
indication of the relatively weak interactions between the two molecular
layers. The coherence of the top layer is attributed to sufficiently strong
intermolecular Van der Waals interactions between the alkyl chains.
2.2.2 Edge-on orientation of porphyrins in the monolayer
Besides the observed monolayers and bilayers, in some experiments also an
‘edge-on’ orientation of the molecules of MnACCu was observed at the
HOPG/1-phenyloctane interface. In this orientation stacks of the dimers
lay on the surface such that the porphyrin planes are oriented under an
angle with the HOPG surface. The structures were created when a voltage
pulse was applied to the tunnel junction.
In less than 10% of the attempts to create a self-assembled structure
of the molecules of MnACCu no structures were observed at all at the
HOPG surface. In these cases pulses between +1 and +2 V with a duration
of 900 µs were applied to the tunnel junction. In about 5% of these cases
a structure as shown in Figure 2.7a and b grew within 5 minutes over the
whole scan area. In the other cases no structure grew on the surface, or
the tip became to blunt too be used further.
Although the image is inconclusive about the precise orientation of the
molecules, it is plausible that the dimers are oriented ‘edge-on’ as drawn
in the schematic top view in Figure 2.7c, in which each rectangle corre-
sponds with a porphyrin moiety. It is proposed that the bright lamella
correspond with the aromatic porphyrin moieties of MnACCu and the
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darker regions with the alkyl tails. Similar ‘edge-on’ orientation geometries
at the solid/liquid interface were observed for other porphyrin oligomers
consisting of six17 and twelve porphyrin moieties.18 The main interaction
responsible for the formation of the ‘edge-on’ orientation is most likely the
pi-pi stacking between the aromatic porphyrin planes of the dimers.
Despite the fact that the individual dimers cannot be discerned in Fig-
ure 2.7a and b, some information about their orientation can be derived
from the image. Figure 2.7b reveals signatures in the darker parts between
the lamellae, which we propose to be the alkyl tails of the dimer molecules.
Based on this assumption a unit cell was determined: g = 6.2±0.3 nm and
h = 0.53± 0.2 nm with an angle of 48±5◦. These unit cell dimensions give
no clue as to whether the alkyl tails are interdigitated or not. If the tails are
interdigitated, then the distance between the porphyrin moieties is 2 × h,
1.06 nm. When the tails are not interdigitated the distance between the
porphyrin moieties is h, 0.53 nm. In both cases the distance between the
porphyrin moieties is roughly equal to the 0.7 nm observed for the ‘edge-on’
oriented stacks of the porphyrin hexamers17 and dodecamers.18
The bright lamellae all show a brighter and less bright side, which can
also be seen in the cross section drawn in 2.7d. The arrows under each
lamella in the cross section point to the brighter parts of the lamellae.
Here we present two different explanations for this effect.
The differences in brightness can be explained by assuming that the
metal centers of the porphyrin moieties are not randomly distributed. In
Figure 2.7e the squares representing the porphyrin moieties are either filled
or empty, representing either porphyrin moieties with a Mn−Cl center or
with a Cu center. This means that in the stacks of the porphyrin dimers
the same metal centers are aligned behind each other. As a result of this
ordering, the apparent height might differ on both sides of the lamellae.
The proposed ordering can be explained by the dipole-dipole interactions
between the Mn−Cl metal-ligand centers in the adjacent dimers. These
dipoles might align along the stacks, which would be their energetically
most favorable orientation.
However, a similar sublamellar signature was observed in the STM
images of the porphyrin hexamers17 and dodecamers18 and these giant
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oligomer disks contained either free base porphyrin moieties or zinc por-
phyrin moieties. A possible explanation for the contrast difference is a
difference in orientation of the dimer stacks with respect to the atomic
ordering of the underlying solid surface. The two orderings are not fully
commensurate and this may result in the observed sublamellar signature.
The ‘edge-on’ orientation was only observed after a voltage pulse was
applied to the tunnel junction, which strongly indicates that the pulse plays
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Figure 2.7: (a) and (b) STM images of a monolayer of MnACCu at the
HOPG/1-phenyloctane interface. The unit cell vectors g and h are drawn in panel
(b). The cross section drawn in panel (d) corresponds with the line in panel (a).
(c) Top view schematic representation of the proposed ‘edge-on’ orientation of the
molecules of MnACCu on HOPG. (e) Schematic representation of one of the
proposed orientations of the molecules of MnACCu. The filling of the squares
represent the different porphyrin moieties, Mn−Cl and Cu. Tunnel parameters:
(a) Vbias = −550 mV, It = 50.0 pA, (b) Vbias = 450 mV, It = 50.0 pA.
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a decisive role in its formation. Two explanations can be given as to why
a pulse would create such a pattern of MnACCu molecules. First, this
ordering might only be possible when the chloride ligand is removed from
the Mn−Cl center, and this might be the direct result of the pulse.30 In an
alternative explanation, the pulse might align the dimers already in solution
and induce a small seed of ‘edge-on’ oriented dimers on the surface. Then,
by continuously scanning, other dimers may join the seed and an ‘edge-on’
pattern grows over the whole scanning area.
Figure 2.8a shows an area with edge-on oriented MnACCu molecules
at the HOPG/1-phenyloctane interface. This structure was formed in the
same way as the structure described shown in Figure 2.7. The next STM
image (Figure 2.8b) is a zoom-out in which the scanning area was enlarged
from 150×150 nm2 to 300×300 nm2. The square corresponds with the scan-
ning area of Figure 2.8a. It is remarkable that the self-assembled molecules
are only observed in the confined area of the previous scan. The image in
Figure 2.8c shows the same area that is in Figure 2.8b after 20 minutes of
continuous scanning. A large part of the scanning area is now covered with
molecules of MnACCu in the ‘edge-on’ orientation. This suggests that
the tip plays an active role in the assembly of molecules in the ‘edge-on’
orientation and that the domains are formed by a seed of ‘edge-on’ oriented
molecules as described above.
2.3 Distances between the Mn−Cl centers in the
monolayers
The main goal of this research was to change, or even pre-program, the
distances between the Mn−Cl porphyrin centers in self-assembled layers
of face-on oriented molecules. Therefore, the found unit cells of the self-
assembled monolayers of the face-on oriented porphyrin dimers are com-
pared with the unit cells of the self-assembled monolayers of molecules of
MnTAmPPCl (see Figure 1.4) on the HOPG/1-octanoic acid interface.2
These unit cell dimensions are listed in Table 2.1.
Because of the size of the dimer molecules it is not surprising that
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the unit cell dimensions of the monolayers of the porphyrin dimers are
considerably larger than those of the monolayers of porphyrin monomers.
However, this does not necessarily imply that the distances between the
Mn−Cl centers are also larger. The smallest distance between the Mn−Cl
centers (SDMn-Cl) is also listed in Table 2.1. For the layer of the porphyrin
monomers this is simply the smallest unit cell vector and for the layer of
MnTAMn this is half the unit cell vector a. For the layer of MnACCu
the situation is more complex. Due to the variation in the orientation of the
dimers in the molecular layer the SDMn-Cl can have three different values,
depending on the orientation of the neighboring dimers. These values are:
1.8±0.1 nm, 2.8±0.1 nm, or 3.5±0.1 nm.
Obviously, the SDMn-Cl in the self-assembled monolayer of the molecules
of MnTAMn is determined by the TA linker. In this sense it is possible
to preprogram the distance between the Mn−Cl centers. As a result of
the ordering of the dimers at the solid/liquid interface the intramolecu-
lar SDMn-Cl is equal, within the experimental error, to the intermolecular
SDMn-Cl. This means that, although the TA linker is conjugated and thus
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Figure 2.8: STM images showing the growth of an ‘edge-on’ domain of MnACCu
molecules at the HOPG/1-phenyloctane interface. The pattern shown in panel (a)
was formed after a voltage pulse. (b) The square in this image corresponds with
the scan area of panel (a). (c) STM image of the same area as panel (b) after 20
minutes of scanning. Tunnel parameters: Vbias = −450 mV, It = 5.0 pA.
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both porphyrin moieties from one dimer are in the same redox state, two
neighboring porphyrin moieties can be in a different state if the individual
porphyrin structures belong to a different dimer structure. Compared with
the distances between the monomers in their monolayer, the SDMn-Cl is
slightly smaller.
In the self-assembled monolayers of the molecules of MnACCu the
SDMn-Cl depends on the orientation of the dimers in the monolayer. As
mentioned, no preferred orientation was observed and thus, in this configu-
ration, it was not possible to preprogram the SDMn-Cl. However, this can
also considered to be an advantage since one does not get one, but three
discrete values for the SDMn-Cl in just one experiment. Since the dimer is
heterometallic in all of the three cases the Mn−Cl centers always originate
from different dimers.
Table 2.1: Unit cell parameters of the observed orderings of monolayers of por-
phyrin dimers and those of the self-assembled monolayer of the related porphyrin
monomer. The molecule structure of the monomer is given in on page 10.
Molecule
Unit Cell Smallest distance
between Mn−Cl
nm nm degrees nm
CuTACu a = 3.5±0.2 b = 3.9±0.2 79±8
MnTAMn a′ = 3.4±0.4 b′ = 3.9±0.3 80±10 1.75±0.1
CuACCu c = 3.5±0.1 d = 4.1±0.1 68±2
MnACCu c = 3.5±0.1 d = 4.1±0.1 68±2 1.8±0.1
2.8±0.1 or
3.5±0.1
Bilayer
MnACCu e = 4.0±0.4 f = 4.3±0.1 76±2
‘edge-on’
MnACCu g = 6.2±0.3 g = 0.53±0.2 48±5
MnTAmPPCl2 1.9±0.15 4.0±0.1 80±3 1.9±0.15
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2.4 Conclusions and outlook
In this chapter the self-assembled monolayer and bilayer structures of four
different porphyrin dimers have been described. The unit cell dimensions
of all assemblies are summarized in Table 2.1. All dimers form at least
one self-assembled layer on HOPG in which the plane of the porphyrins
is parallel to the surface. In these layers the unit cells of both TA-linked
dimers are equal, and also the unit cells of both AC-linked dimers are equal.
However, the unit cells of the TA-linked and AC-linked dimers differ from
each other, mainly as a result of the angle between the unit cell vectors.
In some cases MnACCu self-assembled into a bilayer structure. The
unit cell dimensions of the top and bottom layer in such a bilayer are the
same but different from the unit cell dimensions in case just a monolayer
is formed. In the bilayer the dimers in the top layer are shifted with re-
spect to those in the bottom layer. As a result, the two porphyrin moieties
of the dimer in the top layer are in an H-type geometry and offset ge-
ometry, respectively, with respect to the porphyrin moieties in the bottom
layer. The top layer appeared to be dynamic: single dimers exchanged with
dimers from the supernatant solution, or the whole top layer translated in
a stepwise fashion with respect to the bottom layer.
MnACCu could also self-assemble into layers in which the molecules
had an ‘edge-on’ orientation with respect to the surface. Most likely this
orientation grows from a small seed of ‘edge-on’ oriented dimers. This seed
may be placed on the HOPG surface by a voltage pulse and the domain
subsequently grows while the sample is continuously scanned.
In future work on the different packings of assemblies of MnACCu,
axial ligands may be used to steer the ordering of the dimers at the surface.
Such control over orientation was achieved before with porphyrin hexamers
and dodecamers.17, 18 Addition of a bidentate axial ligand, for example dia-
za[2.2.2]bicyclooctane might enhance the formation of stacks of dimers and
so the formation of the ‘edge-on’ domains. On the other hand, the addition
of a monodentate ligand such as pyridine may lead to face-on oriented
monolayers of MnACCu, since such a ligand can block pi-pi interactions
between the porphyrin moieties.26
46 Chapter 2
Bibliography
[1] B. Hulsken, R. van Hameren, J. W. Gerritsen, T. Khoury, P. Thor-
darson, M. J. Crossley, A. E. Rowan, R. J. M. Nolte, J. A. A. W.
Elemans, and S. Speller, “Real-time single-molecule imaging of oxi-
dation catalysis at a liquid–solid interface,” Nature Nanotechnology,
vol. 2, pp. 285–289, 2007.
[2] D. den Boer, M. Li, T. Habets, P. Iavicoli, A. E. Rowan, R. J. Nolte,
S. Speller, D. B. Amabilino, S. De Feyter, and J. A. A. W. Elemans,
“STM identification of oxidation states of individual manganese por-
phyrins during their reaction with oxygen at a solid/liquid interface,”
Nature Chemistry, vol. 5, pp. 621–627, 2013.
[3] H. L. Anderson, “Building molecular wires from the colours of life: con-
jugated porphyrin oligomers,” Chemical Communications, pp. 2323–
2330, 1999.
[4] Z. Li, T.-H. Park, J. Rawson, M. J. Therien, and E. Borguet, “Quasi-
ohmic single molecule charge transport through highly conjugated
meso-to-meso ethyne-bridged porphyrin wires,” Nano Letters, vol. 12,
pp. 2722–2727, 2012.
[5] O. Fenwick, J. K. Sprafke, J. Binas, D. V. Kondratuk, F. D. Stasio,
H. L. Anderson, and F. Cacialli, “Linear and cyclic porphyrin hexa-
mers as near-infrared emitters in organic light-emitting diodes,” Nano
Letters, vol. 11, pp. 2451–2456, 2011.
[6] N. Bennett, G. Xu, L. J. Esdaile, H. L. Anderson, E. Macdonald, and
M. Elliott, “Transition voltage spectroscopy of porphyrin molecular
wires,” Small, vol. 6, pp. 2604–2611, 2010.
[7] M. J. Crossley and P. L. Burn, “An approach to porphyrin-based
molecular wires: Synthesis of a bis(porphyrin)tetraone and its con-
version to a linearly conjugated tetrakisporphyrin system,” Journal
Bibliography 47
of the Chemical Society, Chemical Communications, pp. 1569–1571,
1991.
[8] H. Imahori, “Gaint multiporphyrin arrays as artificial light-harvesting
antennas,” Journal of Physical Chemistry B, vol. 108, pp. 6130–6143,
2004.
[9] A. Merhi, S. Drouet, N. Kerisit, and C. O. Paul-Roth, “Linear por-
phyrin dimers with fluorenyl arms linked by an ethynyl bridge,” Tetra-
hedron, vol. 69, pp. 7112–7124, 2013.
[10] V. S.-Y. Lin, S. G. DiMagno, and M. J. Therien, “Highly conjugated,
acetylenyl bridged porphyrins: New models for light-harvesting an-
tenna systems,” Science, vol. 264, pp. 1105–1111, 1994.
[11] H. L. Anderson, S. J. Martin, and D. D. C. Bradley, “Synthesis
and third-order nonlinear optical properties of a conjugated porphyrin
polymer,” Angewandte Chemie International Edition, vol. 33, pp. 655–
657, 1994.
[12] S. M. Kuebler, R. G. Denning, and H. L. Anderson, “Large third-order
electronic polarizability of a conjugated porphyrin polymer,” Journal
of the American Chemical Society, vol. 122, pp. 339–347, 2000.
[13] S. Priyadarshy, M. J. Therien, and D. N. Beratan, “Acetylenyl-linked,
porphyrin-bridged, donor-acceptor molecules: A theoretical analysis of
the molecular first hyperpolarizability in highly conjugated push-pull
chromophore structures,” Journal of the American Chemical Society,
vol. 118, pp. 1504–1510, 1996.
[14] V. S.-Y. Lin and M. J. Therien, “The role of porphyrin-to-porphyrin
linkage topology in the extensive modulation of the absorptive and
emissive properties of a series of ethynyl- and butadiynyl-bridged bis-
and tris(porphinato)zinc chromophores,” Chemistry A European Jour-
nal, vol. 1, pp. 645–651, 1995.
48 Chapter 2
[15] X. Qiu, C. Wang, Q. Zeng, B. Xu, S. Yin, H. Wang, S. Xu, and
C. Bai, “Alkane-assisted adsorption and assembly of phthalocyanines
and porphyrins,” Journal of the American Chemical Society, vol. 122,
pp. 5550–5556, 2000.
[16] M. J. Crossley and P. L. Burn, “Rigid, laterally-bridged bis-porphyrin
systems,” Journal of the Chemical Society, Chemical Communications,
pp. 39–40, 1987.
[17] J. A. A. W. Elemans, M. C. Lensen, J. W. Gerritsen, H. van Kempen,
S. Speller, R. J. M. Nolte, and A. E. Rowan, “Scanning probe studies
of porphyrin assemblies and their supramolecular manipulation at a
solid–liquid interface,” Advanced Materials, vol. 15, pp. 2070–2073,
2003.
[18] M. C. Lensen, J. A. A. W. Elemans, S. J. T. van Dingenen, J. W.
Gerritsen, S. Speller, A. E. Rowan, and R. J. M. Nolte, “Giant por-
phyrin disks: Control of their self-assembly at liquid–solid interfaces
through metal–ligand interactions,” Chemistry A European Journal,
vol. 13, pp. 7948–7956, 2007.
[19] M. C. O’Sullivan, J. K. Sprafke, D. V. Kondratuk, C. Rinfray, T. D. W.
Claridge, A. Saywell, M. O. Blunt, J. N. O’Shea, P. H. Beton, M. Mal-
fois, and H. L. Anderson, “Vernier templating and synthesis of a 12-
porphyrin nano-ring,” Nature, vol. 469, pp. 72–75, 2011.
[20] D. V. Kondratuk, L. M. A. Perdigao, A. M. S. Esmail, J. N. O’Shea,
P. H. Beton, and H. L. Anderson, “Supramolecular nesting of cyclic
polymers,” Nature Chemistry, vol. 7, pp. 317–322, 2015.
[21] D. V. Kondratuk, L. M. A. Perdigao, M. C. O’Sullivan, S. Svatek,
G. Smith, J. N. O’Shea, P. H. Beton, and H. L. Anderson, “Two
vernier-templated routes to a 24-porphyrin nanoring,” Angewandte
Chemie International Edition, vol. 51, pp. 6696–6699, 2012.
[22] D. V. Kondratuk, J. K. Sprafke, M. C. O’Sullivan, L. M. A. Perdigao,
A. Saywell, M. Malfois, J. N. O’Shea, P. H. Beton, A. L. Thompson,
Bibliography 49
and H. L. Anderson, “Vernier-templated synthesis, crystal structure,
and supramolecular chemistry of a 12-porphyrin nanoring,” Chemistry
A European Journal, vol. 20, pp. 12826–12834, 2014.
[23] D. Bonifazi, H. Spillmann, A. Kiebele, M. de Wild, P. Seiler, F. Cheng,
H.-J. Gu¨ntherodt, T. Jung, and F. Diederich, “Supramolecular pat-
terned surfaces driven by cooperative assembly of C60 and por-
phyrins on metal substrates,” Angewandte Chemie International Edi-
tion, vol. 43, pp. 4759–4763, 2004.
[24] M. J. J. Coenen, M. Cremers, D. den Boer, F. J. van den Bruele,
T. Khoury, M. Sintic, M. J. Crossley, W. J. P. van Enckevort, B. L. M.
Hendriksen, J. A. A. W. Elemans, and S. Speller, “Little exchange at
the liquid/solid interface: defect-mediated equilibration of physisorbed
porphyrin monolayers,” Chemical Communications, vol. 47, pp. 9666–
9668, 2011.
[25] T. Ohshiro, T. Ito, P. Buhlmann, and Y. Umezawa, “Scanning tun-
neling microscopy with chemically modified tips: Discrimination of
porphyrin centers based on metal coordination and hydrogen bond
interactions,” Analytical Chemistry, vol. 73, pp. 878–883, 2001.
[26] J. A. A. W. Elemans, S. J. Wezenberg, M. Coenen, E. C. Escudero-
Ada´n, J. Benet-Buchholz, D. den Boer, S. Speller, A. Kleij, and
S. De Feyter, “Axial ligand control over monolayer and bilayer forma-
tion of metal-salophens at the liquid–solid interface,” Chemical Com-
munications, vol. 46, pp. 2548–2550, 2010.
[27] S. Lei, J. Puigmart´ı-Luis, A. Minoia, M. van der Auweraer, C. Rovira,
R. Lazzaroni, D. Amabilino, and S. De Feyter, “Bottom-up assembly
of high density molecular nanowire cross junctions at a solid/liquid
interface,” Chemical Communications, pp. 703–705, 2008.
[28] S.-L. Lee, Z. Yuan, L. Chen, K. S. Mali, K. Mu¨llen, and S. De Feyter,
“Forced to align: Flow-induced long-range alignment of hierarchical
50 Chapter 2
molecular assemblies from 2D to 3D,” Journal of the American Chem-
ical Society, vol. 136, pp. 4117–4120, 2014.
[29] B. E. Murphy, S. A. Krasnikov, N. N. Sergeeva, A. A. Cafolla, A. B.
Preobrajenski, A. N. Chaika, O. Lubben, and I. V. Shvets, “Homolytic
cleavage of molecular oxygen by manganese porphyrins supported on
Ag(111),” ACS Nano, vol. 8, pp. 5190–5198, 2014.
[30] M. Li, D. den Boer, P. Iavicoli, J. Adisoejoso, H. Uji-i, M. V. der Auw-
eraer, D. B. Amabilino, J. A. A. W. Elemans, and S. De Feyter, “Tip-
induced chemical manipulation of metal porphyrins at a liquid/solid
interface,” Journal of the American Chemical Society, vol. 136,
pp. 17418–17421, 2014.
Chapter 3
Porphyrin assembly on a molecular template
In the previous chapter, control over the distances between the metal cen-
ters of porphyrins absorbed on HOPG was obtained by changing the chem-
ical structure of the used molecules, i.e. by covalently linking two metal
porphyrins. In this chapter, the ordering of porphyrins at a surface is influ-
enced by introducing other molecules to the system. These added molecules
self-assemble at the HOPG surface and act as a molecular template, on top
of which the porphyrins subsequently assemble in a distinct pattern. The
structure of the used porphyrins is similar to those used for the oxidation
catalysis at the gold/n-tetradecane interface (Section 1.3).1
Self-assembly of molecules at solid/liquid interfaces mostly results in
densely packed molecular patterns, which is a disadvantage if one wants
to create space around functional molecules. The observed behavior of the
individual molecules is then possible affected by the presence and behavior
of the neighboring molecules. Assembly into a non-dense packing can be
achieved by using multi-molecular systems, where the ordering of the func-
tional molecule is influenced by the presence of other, different molecules.
One approach is to create porous molecular networks that can be filled with
guest molecules,2, 3 such as phthalocyanines,4 fullerenes5–7 or graphene-like
derivatives.8–13 Furthermore, porous networks may be used as a reaction
vessel14 and the shape of the pores can be changed using external trig-
gers.15, 16
A different, and less reported approach is to position molecules at
well-defined locations on top of a molecular template. Molecular mono-
layers of fatty acids can act as a template for the ordering of nitroben-
zene,17 urea,18, 19 terephthalic acid,20 and gold particles.21 Porphyrins,22
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coronenes,23 phthalocyanines,24 and DNA25 can be arranged into specific
patterns on monolayers of alkanes. Phthalocyanines have also been tem-
plated on alkylamines,26, 27 and polymer chains.28, 29 Porphyrin monolayers
can template the ordering of 3-nitropyridine30 and buckyball derivatives,31
and porphyrins can be templated on a monolayer of 5-(octadecyloxy)iso-
phthalic acid.32 Finally, the solvent can also act as a template when low
solute concentrations33 or a solvent with high affinity for the surface is
used.34
In this chapter the ordering of nickel and copper porphyrins on top
of two different molecular templates at the HOPG/1-phenyloctane in-
terface is described. The templates are formed by the self-assembly of
p-(hexadecyloxycarbonyl)phenylacetylene (PhAcet) or p-(hexadecyloxy-
carbonyl)phenylazide (PhAzide) (Scheme 3.1) at the solid/liquid inter-
face. The two porphyrins used, (5,10,15,20-tetraundecylporphyrinato-
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Chart 3.1: Molecular structure of PhAcet, PhAzide and the used copper and
nickel porphyrins, CuTUP and NiTUP.
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copper(II), CuTUP, and 5,10,15,20-tetraundecylporphyrinatonickel(II),
NiTUP (Chart 3.1), assemble on both molecular templates. STM images
reveal that a subtle superstructure in the molecular template has a pro-
nounced effect on the templating behavior. Two types of templating were
observed: so-called D-type and W-type. The distribution of the templated
porphyrins in the D-type templating is more dense then in the W-type,
hence their names, Dense and Wide.
3.1 Characterization of the molecular templates
The structures of self-assembled monolayers of PhAcet and PhAzide on
the HOPG/1-phenyloctane interface are shown in Figure 3.1. Droplets
of 3—8 µL, with solute concentrations between 5 × 10−5 M and 10−2 M,
were applied to the HOPG surface. Immediately, the formation of the
monolayer, which became apparent as lamellar arrays in the STM image,
started. Figure 3.1a shows a self-assembled monolayer of PhAcet, in which
the bright parts correspond to the phenyl groups of PhAcet that lie flat
on the HOPG surface in equidistant zigzag patterns. The alkyl tails are
absorbed in between these bright arrays. When the tunnel settings were
changed, a superstructure became apparent in the tails, as is shown in the
STM image in Figure 3.1b. The superstructure is directed almost perpen-
dicular to the lamellar axis and repeats every c = 2.1± 0.2 nm.
A model for the orientation of the PhAcet molecules and the unit cell
are drawn in Figure 3.1c. The distance between two neighboring phenyl
rings is a = 0.7±0.2 nm and the distance between the lamellae is b = 3.4±
0.2 nm. The latter distance indicates that the alkyl tails of the molecules
must be interdigitated.
The observed superstructure suggests that the alkyl tails are not com-
mensurate with the underlying HOPG lattice,35 which is confirmed by con-
sidering the distance between adjacent tails. The small unit cell vector
(a) drawn in Figure 3.1c has a length of 0.7±0.2 nm and since this unit
cell contains two PhAcet molecules, the distance between two alkyl tails
must be 0.35 nm. As indicated by the axes of the underlying HOPG in
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Figure 3.1: STM images of monolayers of PhAcet panel (a) and (b) and
PhAzide (d) at the HOPG/1-phenyloctane interface. (c) Model for the order-
ing of PhAcet on HOPG; the unit cell dimensions are a = 0.7±0.2 nm ×
b = 3.4±0.2 nm, under an angle of 83±7◦. The unit cells of the superstructure in
panel (b) are c = 2.1±0.2 nm × b = 3.4±0.2 nm, under an angle of 83±7◦, and in
panel (d) d = 2.1±0.2 nm × e = 3.4±0.2 nm, under an angle of 82±8◦. The inset
in panel (d) shows the apparent height corresponding with the dashed line. Tunnel
parameters: (a) It=575 pA, Vbias=860 mV, (b) It=12 pA, Vbias=-600 mV, and
(d) It=30 pA, Vbias=-650 mV.
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Figure 3.1b, the alkyl tails follow the underlying symmetry direction. The
periodicity of the HOPG lattice in this direction is 0.42 nm, which is larger
than the distance between the adsorbed alkyl tails. From these numbers a
superstructure dimension of 2.1 nm can be calculated which is precisely in
agreement with the observed superstructure dimension.
As shown in Figure 3.1d, the molecules of PhAzide assemble in similar
patterns at the HOPG/1-phenyloctane interface as those of PhAcet. This
is not surprising since the structures of the two molecules are similar. The
same unit cell vectors were determined for monolayers of PhAcet and of
PhAzide, and also the same superstructures were observed.
It is believed that the self-assembly of these molecules on HOPG is
determined by pi-pi and van der Waals interactions. Since the alkyl tails
align along the HOPG axes, their ordering is influenced by van der Waals
interactions between the tails and the HOPG surface. Furthermore, the
layer is stabilized by van der Waals interactions between the interdigitated
tails, and by pi-pi interactions between the phenyl rings and the underlying
HOPG.
3.2 Self-assembly behavior of non-templated por-
phyrins
The porphyrin molecules used, CuTUP and NiTUP, can self-assemble in
at least four different polymorphs at the HOPG/liquid interface.36 These
polymorphs, named S(small), M(medium), B(border), and L(large), have
different packing densities as indicated in Table 3.1 on page 61. Which
polymorph is formed at the HOPG/liquid interface depends, among other
factors, on the concentration of the porphyrin molecules in the used su-
pernatant solution. The use of higher concentrations results in a higher
packing density of the molecules at the interface. Figure 3.2 shows STM
images of self-assembled monolayers of CuTUP and NiTUP. Within the
concentration range used (10−4—10−2 M), practically only the M poly-
morph was observed. Two other polymorphs, B and S, were observed only
occasionally and annealed out of the system in time. In the M polymorph,
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the porphyrins self-assemble in a lamellar structure. The measured unit
cells correspond with those measured by Coenen et al.36 and are given in
Table 3.1. The unit cell dimensions observed for the NiTUP assemblies
are equal to those of the CuTUP assemblies.
3.3 Ordering of the templated porphyrins
The organization of the molecules of CuTUP and NiTUP on the molec-
ular templates of PhAcet and PhAzide are shown in Figure 3.3. The
assemblies were constructed by applying 3—10 µL 1-phenyloctane droplets
containing the components at the proper concentration ratios at the HOPG
surface. It was found that the concentration of CuTUP must be one
tenth of the PhAcet or PhAzide concentrations and the concentration
of NiTUP must be equal to the PhAcet or PhAzide concentrations. If
these ratios were lower, no templating was observed and only the PhAcet
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Figure 3.2: STM images of self-assembled monolayers of CuTUP panel (a)
and NiTUP panel (b) at the HOPG/1-phenyloctane interface. The different poly-
morphs are indicated by S, M, L and B. The unit cell dimensions of the polymorphs
are listed in Table 3.1. The inset in panel (b) shows the apparent height correspond-
ing to the dashed line. Tunnel parameters: (a) It=30 pA, Vbias=-600 mV, and (b)
It=10 pA, Vbias -600 mV.
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or PhAzide structures were visible at the interface. At higher ratios than
described above only the porphyrins themselves assembled at the interface.
In all the images in which templating occurs the lamellar structures of the
PhAcet or PhAzide monolayers are recognized by the bright stripes run-
ning over the image. The templated porphyrin molecules, one of which is
indicated by the arrow in Figure 3.3a, are apparent as bright spots on top
of the lamellar structure.
The templated porphyrins assembled at specific spots on top of the
molecular template. Besides a preference for the location of the aromatic
parts of the porphyrins on the aromatic parts of the molecular template,
CuTUP and NiTUP also appeared to assemble in certain patterns. Two
different types of templating were observed, W-type (Figure 3.3a, b, and
c), and D-type (Figure 3.3d). The W-type templating is the less dense
one. Besides a difference in the ordering of the porphyrins, it also turned
out that D-type templating allowed imaging of the templated molecules
of NiTUP with submolecular resolution (Figure 3.4 b) and d)), while W-
type ordered porphyrins only appeared as bright blobs with no clear internal
structure. The W-type templating was observed for all systems: CuTUP
and NiTUP on both PhAcet and PhAzide monolayer templates. The
D-type templating was only observed in case of NiTUP molecules on a
monolayer of PhAzide molecules. Which templating type appeared de-
pended on the used concentration ratios (Section 3.4).
As was reported in earlier work, the W-type templated porphyrins are
localized on top of the molecular template, and the observed templating be-
havior was not tip-induced.37 Figure 3.4a and c show two successive STM
images (∆t = 3 minutes) of CuTUP molecules templated on a monolayer
of PhAcet. In this time span the row of 4 templated CuTUP molecules,
indicated by the rectangle, moved a whole lamella to the right. Such a
translation would be very inconvenient if the CuTUP molecules would be
incorporated within the PhAcet layer. It was concluded that the templat-
ing of porphyrins is not tip-induced, since other locations at the surface
also revealed the templated structure with a similar density of templated
porphyrins.
The D-type templating appears to have the same properties: it turned
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Figure 3.3: STM images of templated CuTUP or NiTUP molecules on a mono-
layer of PhAzide or PhAcet at the HOPG/1-phenyloctane interface. The arrow
in panel (a) points to a templated CuTUP molecule. W-type templating is shown
in panel (a) CuTUP on PhAcet, panel (b) NiTUP on PhAcet, and panel
(c) CuTUP on PhAzide. D-type templating is shown in panel (d) NiTUP
on PhAzide. Tunnel parameters: (a) It=1 pA, Vbias=-300 mV, (b) It=10 pA,
Vbias=-600 mV, (c) It=20 pA, Vbias=-900 mV, and (d) It=12 pA, Vbias=-600 mV.
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Figure 3.4: (a and c) Successive STM images of CuTUP molecules templated
on a monolayer of PhAcet. The rectangles indicate a whole row of templated
CuTUP molecules moving a lamella to the right within 3 minutes. (b and
d) Successive STM images of NiTUP molecules templated on a monolayer of
PhAzide. In the region left from the dashed [solid] line in panel (b) [d] three
NiTUP molecules absorbed within a time span of 7 minutes (d). The graphs in
panel (e) and (f) show the apparent height profile of (e) CuTUP on PhAcet and
(f) NiTUP on PhAzide corresponding to the dashed lines in panel (a) and (b),
respectively. Tunnel parameters: (a) and (c) It=2 pA, Vbias=-600 mV, (b) and
(d) It=8 pA, Vbias=-600 mV.
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out not to be tip-induced, and the porphyrins are located on top of the
molecular template. Figure 3.4b and d show two successive images of the
D-type templating of NiTUP on PhAzide (∆t = 7 minutes). In the
region directly left from the dashed line in panel b, no templated NiTUP
molecules are present. However, 7 minutes later, molecules of NiTUP have
appeared on the PhAzide template, while the other parts of the imaged
structure stays identical. Again, this would be inconvenient if the NiTUP
molecules would have to be incorporated into the molecular template.
The apparent height profiles shown in Figure 3.4e and f correspond with
the dashed lines in Figure 3.4a and b, respectively. Although one has to be
careful with interpreting apparent heights, they are in agreement with the
porphyrins being on top of the molecular template. The apparent height
of unoccupied lamellae corresponds with the value shown in the inset in
Figure 3.1d. The apparent height of a templated porphyrin corresponds
with the apparent height of the lamellae and additionally the apparent
height of a porphyrin, as shown in Figure 3.2b.
As was already mentioned, the molecules of CuTUP and NiTUP are
in most cases located on top of the bright parts of the molecular template,
which correspond to the aromatic parts of the templating molecules. Very
occasionally though, templated porphyrins were found on top of the alkyl
tails of the molecular template. However, these porphyrins were mobile and
disappeared within several minutes. The porphyrins prefer the aromatic
parts of the template, which can be explained by attractive pi-pi interactions
between the aromatic parts of the molecular template and the aromatic
rings of the porphyrins. A more in depth analysis of the orientations of the
porphyrins in both the D-type and W-type templating will be given in the
next sections.
3.3.1 D-type templating
Figure 3.5 shows the D-type templating of NiTUP molecules on a mono-
layer of PhAzide. The unit cell∗ of the templated NiTUP molecules
∗In this context, the unit cell is spanned by two vectors which span the smallest
possible repetitive unit in the pattern of templated porphyrins. Note that, due to the
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corresponds with a = 1.9 ± 0.3 nm, b = 3.4 ± 0.5 nm, with an angle of
86±10◦. These values are significantly different from the values of the single
component porphyrin systems, as summarized in Table 3.1. The NiTUP
molecules are templated on the molecular template in a non-closed packed
ordering: the individual NiTUP molecules are significantly separated from
each other.
The unit cell dimensions of the templated NiTUP molecules are similar
to the unit cell dimensions of the superstructure in the templating monolay-
ers of PhAcet or PhAzide. The superstructure, caused by the mismatch
between the HOPG lattice and the alkyl tails of the absorbed PhAzide or
PhAcet molecules therefore seems to have a decisive role in the templat-
ing behavior. Figure 3.5b shows a model for the ordering of the NiTUP
molecules on the PhAzide template. The aromatic parts of the porphyrins
are on top of the bright parts of lamellae. As mentioned, this adsorption
geometry is most likely caused by favorable pi-pi interactions between the
aromatic surfaces of the involved molecules. It does however not explain
why the spacing between the porphyrins agrees with the superstructure
periodicity in the alkyl chains of the templating layer.
The ordering of the alkyl tails of NiTUP is not directly evident from
the recorded STM images since they are not resolved. Although in Fig-
irregular ordering of the templated porphyrins, the entire grid of templated porphyrins
cannot be built up using this unit cell definition.
Table 3.1: Unit cell dimensions of the different porphyrin polymorphs absorbed
at the HOPG/1-phenyloctane interface (S, M, L, and B)et al.,36 and of D-type
ordering of the NiTUP molecules on the PhAcet or PhAzide template.
Structure a [nm] b [nm] degrees Unit cell area [nm2]
S 1.70±0.15 1.26±0.05 68±4 2.07±0.16
M 2.05±0.05 1.26±0.05 79±4 2.54±0.12
B 2.05±0.05 1.92±0.09 71±4 3.72±0.26
L 1.74±0.08 2.16±0.14 76±5 3.65±0.30
D-type 3.4±0.5 1.9±0.3 86±10 6.4±1.3
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ure 3.5b all four alkyl tails of the porphyrins are drawn as being absorbed
on the molecular template, we have no evidence for this. However, it would
be likely for at least some of the tails to be absorbed on top of the molec-
ular template, linking the superstructure periodicity with the spacing be-
tween the porphyrins. Van der Waals interactions between the alkyl tails of
NiTUP and PhAzide might stabilize the templating. Alternatively, the
observed superstructure in the templating monolayer might also be a result
of a topography difference in height of the PhAzide alkyl tails. This differ-
ence in height might create preferred adsorption location for the NiTUP
molecules.
ba
10 nm
a
b
Figure 3.5: (a) STM image of the D-type templating of molecules of NiTUP
on a templating monolayer of PhAzide. The unit cell vectors of the templated
NiTUP molecules are a = 1.9 ± 0.3 nm, b = 3.4 ± 0.5 nm with an angle of
86± 10◦. (b) Molecular model for the D-type templating of the NiTUP. The unit
cell dimensions drawn in panel (a) match with the superstructure unit cell of the
PhAzide layer, indicated by the black lines. As explained in the text, the exact
orientation and the number of absorbed NiTUP alkyl tails are not known because
they are not resolved. Tunnel parameters: It=12 pA, Vbias=-600 mV.
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3.3.2 W-type templating
Although some order can be observed in the W-type templating pattern,
it is less distinct than in case of the D-type templating. The W-type tem-
plating of CuTUP on a monolayer of PhAcet is shown in Figure 3.6a.
Since it was demonstrated in the previous section that the D-type tem-
plating is influenced by the superstructure in the molecular template, also
in Figure 3.6a a grid corresponding with the superstructure dimensions of
the templating layer is drawn in the STM image. The periodicity of the
templated porphyrin structure under the lines labeled with a dot corre-
sponds with the superstructure periodicity. However, for the three lines in
between, the two periodicities are different. Remarkably, in these regions
the porphyrins are aligned at adjacent locations along the lamellae, while
in the regions with the matching superstructure periodicity the porphyrins
are located in a zigzag pattern between the adjacent lamellae.
In an attempt to understand the occasional mismatch between the or-
dering of the templated porphyrins and the superstructure, the locations of
2807 templated porphyrins were determined. Based on this data the distri-
bution map shown in Figure 3.6b was constructed. It gives the average dis-
tribution of templated porphyrin molecules around a porphyrin located in
the origin. Figure 3.6c, d, and e show the distribution in the parts between
the solid, dotted, and dashed lines in Figure 3.6b, respectively. Hereby the
number of templated porphyrins molecules were binned based on the dis-
tance to the origin (binwidth is 0.25 nm). Then the adsorption variation is
defined as the number of templated porphyrins in the bin divided by the av-
erage density of templated porphyrins (23.1 nm2/porphyrin). The dashed
lines in the distributions show the result of a least square fit of Gaussian
distributions. The peak locations resulting from the fits are summarized in
Table 3.2.
Figure 3.6c shows the adsorption variation along the lamellae ,indi-
cated by the region between the solid lines in Figure 3.6b. The distance
between the lines is 2 nm. In case the templating behavior would only
be determined by the superstructure, peaks would be expected each 2.1
nm. However, Figure 3.6a already showed that this is not the case and this
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Figure 3.6: (Caption next page.)
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Figure 3.6: (Previous page.) (a) STM image of W-type templating of molecules
of CuTUP on a monolayer of PhAcet. The lines indicate the periodicity of
the superstructure in the templating monolayer. The dots indicate the presence of
templated porphyrin molecules on the lines. (b) Average distribution of templated
porphyrin molecules around a molecule located in the origin. (c) Adsorption vari-
ation in the region along the lamella indicated by the solid lines in panel (b). (d)
and (e) Adsorption variation in the regions indicated by the dotted and dashed lines
in panel (b), respectively. The dashed lines in the adsorption variations shown in
panel (c), (d) and (e) show the result of the Gaussian distribution fits. The fit
results are summarized in Table 3.2. (f) Model for the ordering of the templated
CuTUP on the molecular template. The unit cell grid is drawn by the solid
squares.
is confirmed by the absence of the well-defined peaks at multiples of 2.1
nm in Figure 3.6c. Two different distributions are fitted on the data be-
tween 0 and 5.5 nm, one consisting of two Gaussians and one consisting of
three Gaussians. Both distributions show a first Gaussian peak at 2.7 nm.
This distance is closer to a value that would correspond to the distance
between two CuTUP molecules of which each has one of its alkyl tails
stretched along the lamella, possibly aligned with the one of its neighbors.
It is proposed that in the direction along the lamella, the first preferred
adsorption spot based on the superstructure is blocked by such a tail, and
an additional preferred adsorption spot arises at 2.7 nm as a result of in-
termolecular interactions between the porphyrin tails. The next available
preferred adsorption spot based on the superstructure would then be at a
distance of two times the superstructure, 4.2 nm. A third preferred adsorp-
tion spot would be located at 2.7 + 2.1 = 4.8 nm. The plotted adsorption
distribution shows a signature of these two peaks. The fitted distribution
consisting of three Gaussians show peaks at 4.0 and 4.7 nm. However, the
fit result is not convincing. The distribution consisting of two Gaussians
also fit the data well (fit residuals are 1.2 for two Gaussians and 0.9 for
three). This data does not confirm nor reject the hypothesis that the first
observed adsorption spot is due to interaction between the two porphyrins
and that this mechanism blocks the first adsorption spot predicted by the
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superstructure periodicity. But based on the location of the first peak in
the adsorption distribution and based on the data plotted in Figure 3.6a it
is considered to be likely.
Figure 3.6d shows the adsorption variation in the direction between
the dotted lines in Figure 3.6b (96±10◦ with respect to the lamellae). As
already visible in Figure 3.6a the first lamella is left unoccupied. This is
in contrast to what is observed in case of the D-type templating, where
it was proposed that the partly interdigitated nature of the alkyl tails of
the NiTUP molecules had a stabilizing effect on the templating of the
porphyrins. It is suggested here that interactions between the alkyl tails
prevents the adsorption of a porphyrin on the molecular template at a
location on the adjacent lamellae directly perpendicular to the lamellar
direction. An explanation for the difference will be given in Section 3.5. The
locations of the second, third and fourth peak correspond to the distance
between the lamellae. As expected, we observe the highest peaks on second
and fourth lamella.
Thus, where in the case of the D-type templating the ordering of the
porphyrins was only influenced by the superstructure, in the case of theW-
type templating interactions between the tails of the templated porphyrins
also seem to play a role. A proposed model for the W-type templating is
depicted in Figure 3.6f. The alkyl tails are drawn such that they explain
the observed self-assembly behavior. They inhibit the templating of a por-
phyrin on the adjacent lamella, and they facilitate the templating along the
lamella at different spots than predicted by the superstructure of the tem-
plate. Furthermore, if the spacing between the porphyrins becomes larger,
Table 3.2: Fitted peak locations of the Gaussian distributions plotted in Fig-
ure 3.6c, d and e, respectively.
Along the lamellae, two Gaussians 2.7 4.4
Along the lamellae, three Gaussians 2.7 4.0 4.7
96±10◦ with respect to the lamellae 3.3 6.5 9.9 13.2
54±11◦ with respect to the lamellae 3.8 7.5 11.3 14.4
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than the length of the tails, the templating effect of the superstructure
becomes apparent again. The preferred adsorption spots on the adjacent
lamellae and the first peak in the adsorption distribution in Figure 3.6e can
directly be related to the superstructure. To conclude, the formed pattern
in the W-type templating is determined by two competing mechanisms.
3.4 The effect of the concentration
One of the main differences in the templating experiments of NiTUP and
CuTUP is the concentration of dissolved porphyrins at which templating
on a monolayer of PhAzide or PhAcet still occurs. The ratio porphyrins:
templating molecules significantly differs depending on which porphyrin is
used: ∼1:10 in case of CuTUP and ∼1:1 for NiTUP. When these ratios
are exceeded towards the porphyrins, only these assemble on the surface
and no templating occurs. The difference in ratio may be caused by dif-
ferences in affinity between HOPG and NiTUP or CuTUP, which might
be weaker in the case of NiTUP. As a result a higher NiTUP concen-
tration is allowed in the supernatant solution, which might in turn lead to
the observed relative close packed D-type templating. If the concentration
ratio of templating molecules with respect to the porphyrins increases, the
number of templated porphyrins decreases. In this case the templating
monolayer is only partly covered with regions of templated porphyrins. In-
dividually templated porphyrins were seldom observed. This suggests that
interactions between templated porphyrins stabilizes the templating and
thus that the templated porphyrins interact with each other. This could be
direct, or via the templating monolayer. All experiments were performed
with absolute concentration values between 5×10−2 and 10−4M and the
described behavior did not depend on the absolute concentrations.
The resulting templated structures are independent of the order in
which solutions of the individual components, or a mixture of the molecules,
were added to the surface. In an attempt to induce W-type templating of
CuTUP on PhAzide, a 10−2 M:5×10−2 M solution of the two compounds,
respectively, in 1-phenyloctane was applied to the HOPG surface. As could
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be expected at this concentration ratio, STM revealed that the CuTUP
molecules self-assembled in the M polymorph and no PhAzide molecules
were observed. In an attempt to obtain the W-type templating of the por-
phyrins a droplet (equal in volume as the solution already present) with a
concentration of PhAzide of 5×10−2 M in 1-phenyloctane was added. Fig-
ure 3.7a and b show two successive STM images (∆t = 2 minutes) recorded
after the addition of the second droplet. It can be seen that the PhAzide
molecules displace the CuTUP molecules at the surface. Additionally, a
couple of the CuTUP molecules were absorbed on the PhAzide layer.
After the reorganization the number of templated porphyrins stayed equal,
a full W-type templating density was not reached.
a b
30 nm 30 nm
Figure 3.7: Two successive STM images recorded after the addition of a droplet
of PhAzide in 1-phenyloctane to an assembly in which only CuTUP molecules
were absorbed at the HOPG/1-phenyloctane interface. The PhAzide molecules
displace the CuTUP molecules from the HOPG surface and in addition some
templating was observed. Tunnel parameters: It =40 pA and Vbias =-1600 mV.
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3.5 Origin of the difference between D-type and
W-type templating
W-type templating was observed for all the systems containing molecules
of NiTUP or CuTUP on a monolayer of PhAzide or PhAcet. On
the other hand, D-type templating was only observed for molecules of
NiTUP templated on PhAzide. Considering the small difference between
the structures of CuTUP and NiTUP molecules this is a remarkable re-
sult. The question is what allows this more dense templating of NiTUP
on PhAzide?
D-type templating is dictated by the superstructure in the molecular
template. In the W-type templating, additional interactions between the
alkyl tails of the porphyrins seem to determine the outcome of the tem-
plating pattern. It was suggested that interactions between tails of neigh-
boring porphyrins hinders the adsorption at the close spots dictated by
the superstructure along the lamella, and on the adjacent lamella. On the
other hand, alignment of the porphyrin tails creates an extra adsorption
spot along the lamella. Both phenomena are not observed in the D-type
templating. Therefore, it seems that the tails of the NiTUP have a less
dominant role in case of the D-type templating.
Another observation that might give an answer to this question is the
difference in submolecular resolution of the templated porphyrins in the D-
type and W-type templating. The NiTUP molecules in the D-type tem-
plating show a submolecular resolution, while in the W-type templating
such resolution is absent. This difference can be caused by a higher degree
of immobilization on the molecular template of the NiTUP molecules in
D-type templating than in the W-type templating. In the W-type tem-
plating the alkyl tails of the porphyrins might be more mobile, which may
explain the observed difference in porphyrin-porphyrin interactions. If the
porphyrin tails are not or less immobilized along the alkyl tails of the under-
lying molecular template, they might hinder the adsorption of porphyrins
in their vicinity, creating the observed less dense W-type templating of the
porphyrins. A stronger immobilization of NiTUP may also be the result
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of a stronger adsorption of the aromatic parts of the porphyrins on the aro-
matic parts of the monolayer of PhAzide compared to adsorption of the
aromatic parts of the CuTUP molecules on the templating monolayers of
PhAzide and PhAcet.
For the W-type templating the azide or acetylene groups did not influ-
ence the templating behavior. However, the D-type templating was only
observed for NiTUP molecules on a PhAzide monolayer. No empirical
suggestions were found why the NiTUP molecules do not order in the
D-type templating on the PhAcet monolayer. It is possible that tem-
plating does not occur at the used concentration ratios. However, this is
not very likely since concentration ratios between 10:1 and 1:100 were used
and none of them revealed D-type templating of the NiTUP molecules on
the PhAcet monolayer. Alternatively, the acetylene group at the end of
the PhAcet molecules might hinder the templating. The lack of D-type
templating must then be a consequence of a specific interaction between
the Ni of the NiTUP molecule and the acetylene group of the PhAcet
molecule since no difference in behavior is observed when using the CuTUP
molecules.
3.6 Conclusions and outlook
At the HOPG/1-phenyloctane interface PhAzide and PhAcet self-assem-
bled in ordered molecular layers, which are able to template CuTUP and
NiTUP molecules in two well-defined patterns, D-type and W-type. In
both types, the superstructure in the alkyl tails of the layers of PhAzide
and PhAcet plays a decisive role in templating the porphyrins, leading
to preferred adsorption spots for the CuTUP and NiTUP molecules.
Most likely the superstructure periodicity is transferred to the templated
porphyrins via van der Waals interactions between the alkyl tails of the
templated porphyrins and the alkyl tails of the PhAzide and PhAcet
molecules. The templating is further stabilized by face-to-face pi-pi inter-
actions between the aromatic moieties in the templating and templated
molecules. The sequence in which solutions of the molecules were added to
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the HOPG surface did not influence the final arrangement.
The two observed types of templating, D-type andW-type, differ in the
distribution of templated porphyrins on the templating monolayer. Hereby
the porphyrins in the D-type templating are most densely distributed over
the templating monolayer. In this case, the ordering of the porphyrins is
only determined by the superstructure present in the templating monolayer.
In contrast, competing interactions play a role in the W-type templating.
It is proposed that as a result of interactions between alkyl tails of the
templated porphyrins, preferred adsorption spots dictated by the super-
structure become unavailable and new preferred adsorption spots emerge:
perpendicular to and along the lamellae, the presence of the alkyl tails
of the templated porphyrins hinder the adsorption of a porphyrin at the
adjacent preferred adsorption spots; however, van der Waals interactions
between aligned alkyl tails of two porphyrins along the lamella are proposed
to create new preferred adsorption spots.
At least two different porphyrins, CuTUP and NiTUP, could be tem-
plated on both molecular templates. The W-type templating was observed
for all possible combinations, while the D-type templating was only ob-
served for the templating of NiTUP on PhAzide. This behavior can
be explained by a higher affinity between the CuTUP molecules and the
HOPG surface than between the NiTUP molecules and the HOPG sur-
face: for successful templating still to occur, a higher concentration of
the NiTUP was found to be allowed in the supernatant solution when
compared to CuTUP. This might lead to the higher density D-type tem-
plating. Furthermore, in the case of the D-type templating the NiTUP
molecules seem to be more immobilized than in case of the W-type tem-
plating, which might indicate a stronger interaction between the aromatic
parts of the molecules of NiTUP and the aromatic parts of the mono-
layer of PhAzide than between the aromatic parts of porphyrins and the
templating molecules in case of the W-type templating.
An extension of this work can be to use other templates or other tem-
plated porphyrin molecules. In order to study the effect of the interactions
between the alkyl tails of the templated porphyrins in the W-type tem-
plating in more detail, the length of the alkyl tails of the porphyrins or
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that of the templating molecules can be varied. Appendix A shows prelim-
inary results of the templating of porphyrins on a layer of n-pentacontane
(C50H102).
These templating methods pave the way to control the positioning of
functional porphyrin molecules at well-defined positions at a solid/liquid
interface. Their function can then be investigated in comparison to their
properties in close-packed self-assembled monolayers composed of the pure
compound. Furthermore, as a result of templating the porphyrins might
lead to electronic decoupling from the HOPG surface, resulting in a different
functional behavior. Of particular interest in this respect is, of course,
whether and how the catalytic properties of manganese porphyrins change
when they are assembled on a molecular template. Unfortunately, the
addition of the manganese porphyrins (MnTUPCl, see Section 1.3) to
the HOPG/1-phenylocane interface led to such an increase in the tunnel
current that imaging of the molecular assembly became impossible. The
reason behind this increase in tunnel current is the topic of the next chapter.
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Chapter 4
Oxidation of chloride ions at the STM tip
As mentioned at the end of the previous chapter, the addition of a solution
of MnTUPCl (Chart 4.1) in 1-phenyloctane to the HOPG surface in the
Nijmegen liquid STM (NL-STM) gave rise to a significant increase in the
observed tunnel current. The additional current overwhelmed the pre-set
tunnel current, which made imaging of the solid/liquid interface impossi-
ble. This chapter describes the findings and a possible explanation for the
observed increase in current between the tip and the sample. The given ex-
planation is related to the earlier reported reactivity of MnTUPCl at the
Au(111)/n-tetradecane interface1 and that of MnTAmPPCl (Chart 4.1)
at the HOPG/1-octanoic acid interface.2
Manganese(III)porphyrins (MnTUPCl) can be used as catalyst in the
epoxidation of alkenes.1 When molecular oxygen (O2) is applied as the
oxidant, the Mn(III) center in the porphyrin first has to be reduced to
Mn(II) before binding and activation of O2 can occur. Such a reduction
also involves the loss of a counter ion, which in the case of MnTUPCl is a
chloride (Figure 1.4 on page 11). In the catalysis study on the Au(111) sur-
face it was proposed that this process occurs at the moment the molecules
of MnTUPCl are adsorbed on the interface. Two possible mechanisms
for such a reaction have been given:1 “the most likely one, (. . . ), is that
a surface gold atom coordinates to MnTUPCl in an axial ligand fashion,
allowing a chlorine radical to dissociate,3 thereby reducing the Mn(III) cen-
ter to Mn(II) (. . . ) A second possibility is that the surface actively reduces
MnTUPCl through donation of an electron, followed by dissociation of a
chloride anion.”
The reaction of a different manganese(III)porphyrin (MnTAmPPCl,
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Chart 4.1) with molecular oxygen at the HOPG/1-octanoic acid interface
was imaged using STM.2 The STM images showed the initially applied
Mn(III) porphyrin, the end product a µ-oxo manganese porphyrin dimer,
and two intermediates. As with the aforementioned catalytic epoxidation
reaction, also the reaction between the manganese(III)porphyrins and the
oxygen requires the loss of a counter ion, which in this case is also a chlo-
ride (Figure 1.4). Here, however, a direct coordinative bond between the
HOPG surface and the manganese centers is impossible.2 Therefore, it
was proposed that the metal center is actively reduced by the negatively
charged HOPG surface, similar as seen for cobalt porphyrins at a HOPG/1-
phenyloctane interface.4
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Chart 4.1: Molecular structures of the molecules of MnTUPCl, MnTUPOAc,
MnTAmPPCl, and CuTUP.
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As yet it is unknown what happens with the chloride ligand. In this
chapter, it is proposed that the observed increase in the ‘tunnel’ current
upon the addition of a solution of MnTUPCl in 1-phenyloctane is caused
by redox reactions occurring at the HOPG surface and at the STM tip.
Hereby chloride ions are oxidized to chlorine gas at the tip (or depending
on the potential polarity at the HOPG surface). This hypothesis will be
tested by comparing the observed current in the STM setup using different
solvents, surfaces and porphyrins (Chart 4.1). Furthermore, ex-situ UV-vis
spectra of the used porphyrin solutions will be compared with each other
to investigate chemical changes of the used porphyrins.
4.1 Increase in STM current, Faradaic current?
During and after the addition of solutions to the sample surface in the
STM setup, the current between the tip and sample can increase. This can
be, for example, due to the disturbance made to the system, the presence
of ions in the solution, and/or polarization of the solution. In most cases
this additional current is of the order of the noise level of the STM (∼
1 pA) or at least significantly smaller than the applied tunnel current.
However, after the addition of a 1-phenyloctane solution of MnTUPCl
(1×10−4 M) significant currents were measured between the Pt90Ir10 tip and
the HOPG sample. These additional currents (with a magnitude of roughly
50 pA) were larger than the currents that are required to image the possible
assembly of the molecules of MnTUPCl on the 1-phenyloctane/HOPG
interface (several pA). The magnitude of the additional current increased
with an increasing concentration and an increasing bias voltage magnitude.
Also the current did not decay to zero over time.
In order to qualify the behavior of the additional current the STM setup
was slightly adjusted. Under normal NL-STM use, the solution is directly
applied to the HOPG surface. The droplet of the solution is contained
around the tip and at the HOPG surface because of the surface tension on
the droplet surface. In the modified setup a liquid cell is added to contain
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the applied solution∗. This ensures that the solution is maintained on the
sample surface. Furthermore, higher solution volumes can be used, which
ensures that the concentration of the solutes stay more stable during the
sometimes lengthy experiments. During the experiments the voltage dif-
ference between the tip and sample surface are controlled using the STM
controller. The current and bias voltage are recorded using a data logger.
The quantitative behavior when solutions of MnTUPCl were applied to
the surface of the STM setup did not change with the modification. The
magnitude of the current still increased with the concentration and magni-
tude of the bias voltage.
After the addition of 350 µL of 1-phenyloctane solution of MnTUPCl
(1×10−4 M) to the modified STM setup, currents of 40±20 pA were mea-
sured between the Pt90Ir10 tip and the HOPG sample (at a bias voltage
of 0 mV). This current remained even when the tip was retracted out of
tunnel range (tip sample distance: 12±2µm). The dependency of the ob-
served current on the bias voltage for the 1×10−4 M MnTUPCl solution is
shown in Figure 4.1a in black. The observed dependency of current on the
concentration of the solutions is plotted in Figure 4.1b. As a sanity check,
a droplet of pure 1-phenyloctane was applied to the surface. The currents
measured between the STM and the HOPG/1-phenyloctane interface in-
creased only slightly in magnitude (order of pA) and did not change with a
changing bias voltage. This indicated that it is not purely the solvent that
is responsible for the observed behavior.
The observed behavior can have different causes. For example, due
to polarization of the solvent and/or solutes a current can flow from the
tip to the sample or vice versa. This can be triggered by a voltage step.
However, a certain time after the voltage change, a new equilibrium will be
reached and the flow of charges will die out. So, at a constant bias voltage,
this current should decay to zero. In the case of the experiments with
MnTUPCl such a decay was not observed, the current remained stable in
∗The NEC-STM liquid cell was used, the design will be given in Section 5.2. In all
experiments described in this chapter only the liquid cell was used to contain the used
solutions. All other parts of the NEC-STM were not used. So a normal, i.e. uncoated,
tip is used and all additional electrodes and the electrochemical potentiostat were absent.
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time.
Alternatively, the current can be a result of the presence of conducting
assemblies of pi-stacked porphyrins. However, in that case an exponential
decay of the conductance would be expected with increasing distance be-
tween the tip and sample.5 This decay was not observed for MnTUPCl.
The variations in the additional current did not increase when the tip-
sample separation distance was varied between 5 and 20 µm (20 µm was
the physical limit of the setup). Therefore, it is considered to be unlikely
that the observed current is a result of conducting assemblies of pi-stacked
porphyrins connecting the tip with the HOPG surface.
The observed current may also be caused by reduction or oxidation
reactions of the solutes at the tip and at the sample surface. Such reactions
would result in so called Faradaic currents between the tip and the sample.
In the case of MnTUPCl, the following redox reactions at the tip or sample
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Figure 4.1: (a) Voltage dependence of the current measured at the addition of
a 10−4 M solutions of MnTUPCl in 1-phenyloctane(black) and of a 10−3 M
solution of MnTUPOAc in 1-phenyloctane(gray).(b) Concentration dependence
of the current measured at the addition of a solution of MnTUPCl in 1-
phenyloctane. The solid line is a linear fit through the data points. Both graphs
show the average and 1×standard deviation of 1000 measurements measured within
a time span of 1.5 minutes.
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surface may occur:
2 Mn(III)TUPCl + 2 e− −−→ 2 Mn(II)TUP + 2 Cl− (4.1)
2 Cl− −−→ Cl2 + 2 e− (4.2)
These reactions are based on the fact that the manganese center can be
reduced from (III) to (II),6, 7 our prior knowledge that the substrates in
an STM setup are able to reduce manganese porphyrins,1, 2 and the ob-
servation that also cobalt porphyrins can accept electrons from the HOPG
surface at a HOPG/1-phenyloctane interface.4
The proposed possibility of redox reactions is supported by the ob-
servation that the magnitude of the current increases with an increasing
concentration. Typically, Faradaic currents depend linearly on the concen-
tration of the redox-active species (Section 5.1). Figure 4.1b indeed shows
a linear dependence of the observed currents on the concentration of the
molecules of MnTUPCl.
Furthermore, the magnitude of the measured currents does not exclude
the proposed redox reactions. Based on the proposed one electron process,
the currents of 300 pA agrees with a reaction rates of 3×10−15 mol/s. The
applied solutions contain 3.5×10−8 mol of MnTUPCl, enough to sustain
the reactions for weeks. In that case the monolayer must be dynamic. The
formed MN(II)TUP complexes are replaced by molecules of MnTUPCl
from the solution.
In the proposed reactions the chloride ions play a decisive role in gen-
erating the observed currents. First, the chloride ions are released when
the oxidation state of the manganese center changes from III to II. Second,
in a counter reaction the chloride ions are oxidized to chlorine gas. No
net current would be observed if one of the two processes would not occur.
In order to check the proposed role of the chloride ions, the chloride axial
ligand was replaced by an acetate group (OAc Chart 4.1). This group can-
not oxidize in a counter reaction similar to reaction 4.2, and therefore the
observed current should remain absent. The currents measured upon the
addition of a 350 µL 1-phenyloctane solution of MnTUPOAc (10−3 M)
to the modified STM setup are shown in gray in Figure 4.1a. Although
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the concentration of MnTUPOAc is ten times higher than that of Mn-
TUPCl in the previously discussed experiments, the measured currents
stayed between −50± 10 and 30± 10 pA upon variations in the bias volt-
age between -2 and +2 V. Similar results were obtained when a 350 µL
solution of CuTUP (10−3 M), a related metal-porphyrin without an axial
ligand (Chart 4.1), in 1-phenyloctane was used. Both observations sup-
port the proposed reactions that occur in the case of MnTUPCl, with the
decisive role for the chloride ions.
Table 4.1: Measured currents between the tip and the sample in the modified STM
setup for different systems. The porphyrin concentration was 2×10−4 M, except
for CuTUP and MnTUPOAc, where a concentration of 10−3 M was used. The
numbers between the brackets indicate the uncertainty (one standard deviation) in
the last digits.
Measured currents in pA
for different bias voltages
Substrate Solute Tip -2 V 0 V 2 V
Solvent: 1-phenyloctane
HOPG MnTUPCl PtIr -1470(130) 110(17) 1710(50)
HOPG MnTUPOAc PtIr -50(10) -10(10) 30(5)
Au(111) MnTUPCl PtIr -660(80) 200(20) 910(30)
HOPG MnTUPCl Au -770(90) 230(30) 1110(40)
Au(111) MnTUPCl Au -870(90) 190(30) 1190(60)
HOPG MnTUPCl W -700(40) 40(10) 700(20)
HOPG CuTUP PtIr -20(3) 9.8(5) 37(2)
HOPG None PtIr -7.8(4) -9.4(4) -9.6(3)
Solvent: n-tetradecane
HOPG MnTUPCl PtIr -11(9) -3(9) 5(9)
HOPG None PtIr -10(8) -10(9) -10(8)
Au MnTUPCl PtIr -7(9) -2(8) 3(9)
Au None PtIr -11(8) -11(9) -11(8)
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A summary of the performed experiments is given in Table 4.1. This ta-
ble also shows the measured current when different tip and sample surfaces
were used. As can be seen, additional currents were observed on all used
surfaces (Au(111) and HOPG) and with all used tip materials (Pt90Ir10,
Au and W). However, the observed currents differ per system. The rates of
reactions 4.1 and 4.2 depend, among other factors, on the surface at which
the reactions occur. This can be expected for redox reactions occurring at
surfaces.8
The additional currents were not observed when the molecules of Mn-
TUPCl and MnTAmPPCl were imaged at the Au(111)/n-tetradecane
or HOPG/1-octanoic acid interface, respectively. In general, the use of
a n-tetradecane solution yielded no significant additional currents, both
on Au(111) and HOPG surfaces (Table 4.1). A more detailed comparison
between the results depending on the different solvents will be given in
Section 4.3.
The differences in observed currents between the different systems show
the complexity of characterizing redox reactions with a two-probe system
(tip and sample) in a non-conducting liquid. Of course such a setup is not
the perfect design for experiments to investigate redox behavior, but it is
worthwhile to consider what the shortcomings are. First, only the overall
potential difference between the tip and the sample is known. The poten-
tial drops from the surfaces to the solution are determined by the nature
of the interfaces, the used solvents, the solutes, the material of the surface,
the polarizability of the solvent, the presence of ions in the solvent, and a
possible assembly of ions or solutes at the interface. Besides the potential
of the surface, also reaction rates are determined by the chemical and elec-
tronical state of sample surfaces, ion concentrations in the solution, and the
availability of possible reaction intermediates. Most of these complications
can be eliminated by adding a third, reference electrode to the system and
by using a conducting solvent. Such a setup will be discussed in the next
chapter of this thesis.
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4.2 UV-vis spectroscopy
Assuming that the observed additional currents are caused by the proposed
redox reactions (4.1 and 4.2), Mn(II)TUP is generated. To investigate
if the redox state of the molecules of MnTUPCl dissolved in the liquid
phase changed during the STM experiments, ex-situ UV-vis spectroscopy
measurements were carried out.
UV-vis spectra of different solutions of MnTUPCl and MnTUPOAc
in 1-phenyloctane are depicted in Figure 4.2. The solid lines show the
spectra of a solution which has been in the modified STM setup for 4
days with the tip out of tunnel range and at a bias voltage of -2 V. The
dashed lines are the spectra of a reference solution, which had the same
composition but was left to stand in an unsealed test tube next to the
STM setup during the same 4 days. The used concentrations were 10−4M.
Prior to the UV-vis measurements the solution was diluted by a factor of
30 to prevent saturation of the absorption signal. The concentrations in
the different solutions are approximately equal, as a result the peak heights
cannot be compared with each other. In order to ease the comparison of
the band locations between the two spectra in the plots, the spectra within
one plot were manually shifted by 0.3 A.U. with respect to each other.
The UV-vis spectra of MnTUPOAc solutions, shown in Figure 4.2b
will be considered first. The spectra of the solution which was in the mod-
ified STM setup and of the reference solution are nearly identical. Both
spectra show a strong band at 481 nm and three smaller bands at 542,
604, and 640 nm. These spectra correspond fairly well with the spec-
trum found for Mn(III)TPPCl in chlorobenzene.9 The most widely used
theory for the interpretation of the UV-vis spectra of porphyrins is the
four-orbital model.10 This model explains the spectra by considering the
electron transitions between the HOMO and HOMO-1 pi-orbitals and the
LUMO and LUMO+1 pi∗-orbitals. According to this theory, the resulting
spectra should show a clear band around 500 nm, which is known as the
Soret or B band, and weaker bands in the region below 500 nm, known as
the Q bands. Both the Soret band and the Q-bands are observed in the
spectra presented in Figure 4.2b.
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Figure 4.2a shows the UV-vis spectra of solutions of MnTUPCl. When
these spectra are compared it can be concluded that the chemical com-
position of the solution that was in the STM setup has changed. Both
spectra show a Soret band at 478 nm, but additionally a new band has
emerged at 437 nm. The Q-bands are also different. First, a larger back-
ground absorbance is observed. Furthermore, the location of the first Q
band is blue shifted by 21 nm. These results suggest that the molecules
of Mn(III)TUPCl are reactive in the STM setup under the influence of
the bias voltage. Following our hypotheses described above, the solution
might also contain molecules of Mn(II)TUP. However, since this species
is highly reactive, the changes in the UV-vis spectra might also be the result
of products of a reaction of Mn(II)TUP with O2 that might be present
in the solution.
In order to identify the newly formed species, the UV-vis spectra of
different (oxo-)manganese porphyrins known from literature are considered
(Table 4.2). These porphyrins differ, among other factors, in the oxidation
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Figure 4.2: UV-vis spectra of (a) MnTUPCl and (b) MnTUPOAc (1-
phenyloctane solutions (0.03×10−4 M)). The spectra are of the reference solutions
(dotted line) and the solutions which were in the STM setup (solid line). The ver-
tical thin lines show the locations of the different bands in the UV-vis spectra as
listed in Table 4.2.
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state of the manganese ion. These porphyrins show a significant blue shift of
the Soret band with respect to that of Mn(III)TUPCl and of the similar
porphyrin Mn(III)TPPCl. As can be seen in Table 4.2, the Mn(IV)-
porphyrin reaction products show a larger blue shift (roughly -60 nm) than
the Mn(V)-porphyrin reaction product (-35 nm). The blue shift of the
newly formed species in Figure 4.2a is 40 nm, just between the Mn(IV)-
and Mn(V)-porphyrin reaction products. Based on these numbers no clear
conclusion can be drawn.
Although it is unclear which reaction product was formed it can be
concluded that a reaction occurred in the STM setup. The change in the
UV-vis spectra is only observed for MnTUPCl and not for MnTUPOAc.
The chloride ligand seems to have a decisive role in the reaction. It is
proposed that it is removed from the porphyrin’s central metal ion and
that the observed current is indeed caused by the redox reactions described
above (4.1 and 4.2), and that the chloride ions are oxidized at the tip (or
HOPG) surface to form chlorine gas.
Table 4.2: The measured UV-vis peaks compared with results from literature.
System Soret (nm) Q-bands (nm) Ref.
MnTUPCl reference 478 542 601 637 Figure 4.2a(· · · )
MnTUPCl STM 478 and 437 521 591 639 Figure 4.2a(—)
MnTUPOAc reference 481 544 604 640 Figure 4.2b(· · · )
MnTUPOAc STM 481 542 604 640 Figure 4.2b(—)
Mn(III)TPPCl 477 531 585 618 9
[ClMn(IV)TPP(OIPh)]2O 421 502
9
[N3Mn(IV)TPP]2O 417 519
9
[OCNMn(IV)TPP]2O 423 528
11
[Mn(V)TPPO]+ 444 560 12
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4.3 The role of the solvent
The absence of the additional current when n-tetradecane or 1-octanoic
acid are used as the solvent does not imply that redox reactions 4.1 and 4.2
are not occurring in these systems. However, if they occur the reaction rate
must be very low, below 2.5×107 e/s (comparable with a current of 4 pA).
Assuming that the reactions occur randomly across the surface, this means
that every 10 minutes one molecule of MnTUPCl reacts in a typical STM
images area of the order of 50 × 50 nm (this is typically once every three
STM images). These numbers do not exclude that the Au(111) and HOPG
surfaces actively reduce the molecules of MnTUPCl and MnTAmPPCl,
respectively. It is possible that the reaction rates are so small that the
resulting Faradaic current does not exceed the noise level of the STM.
As mentioned in the introduction, two possible explanations were given
for the reduction of the manganese centers of the molecules of MnTUPCl
at the Au(111)/n-tetradecane interface. Coordination of the gold atom to
MnTUPCl in an axial ligand fashion or an active reduction due to the
donation of an electron from the gold surface to the MnTUPCl. Based
on the experiments described in this chapter none of the two possible ex-
planations can be excluded. However, if the manganese centers are actively
reduced by the Au(111) surface, it is most likely that the chloride ions are
liberated in the supernatant solution and are oxidized to chlorine gas at the
tip. In the alternative explanation, where the chloride ligand is dissociated
via axial ligand-like coordination of a gold atom, chloride radicals are lib-
erated into the supernatant solutions. The experiments and explanations
given in this chapter give no indication of what would happen with these
radicals.
The main question that remains open is why the redox reaction rates
are higher when 1-phenyloctane is used as the solvent. No clear answer
has been found for this question. Possible aspects that could cause the
difference in observed current are: (i) a difference in solubility of chloride
ions and/or Mn(II)TUP in 1-phenyloctane and n-tetradecane, and (ii) a
difference in dielectric constants of the used solvents, which are 2.26 and
2.03, respectively. A different dielectric constant may lead to a different po-
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tential drop over the interfaces, which on its turn can influence the reaction
rate.
In the case of the changing oxidation state of the manganese centers of
the molecules of MnTAmPPCl at the HOPG/1-octanoic acid interface, a
direct chemical bond between the surface and the porphyrin metal center
is geometrically and chemically impossible. In that case the most reason-
able explanation for the changing oxidation state is that the biased HOPG
surface actively reduces the manganese porphyrin by donating an electron
and that the chloride ions are subsequently oxidized to chlorine gas at the
tip surface. The lack of a hindering additional current, and thus a slower
reaction rate than in the case of MnTUPCl at the HOPG/1-phenyloctane
interface, can be caused by the difference in solvent, the presence of phenyl
groups at the porphyrin meso-positions or by a combination of both.
4.4 Conclusions and outlook
In this chapter, a possible explanation is proposed for the observed increase
in current between an STM sample surface and the STM tip upon the
addition of a solution of MnTUPCl in 1-phenyloctane. This proposed
explanation is related to the observed reactions of manganese porphyrins
with oxygen on gold and on a HOPG surface.1, 2 It is proposed that at the
tip and sample the following redox reactions take place:
2 Mn(III)TUPCl + 2 e− −−→ 2 Mn(II)TUP + 2 Cl− and
2 Cl− −−→ Cl2 + 2 e−
After these reactions, the 2 Mn(II)TUP complexes may react further with
most likely oxygen present in the solution. The hypothesis described above
is supported by several observations.
UV-vis experiments confirmed that the chemical composition of part of
the molecules of MnTUPCl changed when a 1-phenyloctane solution of
them was present in the STM setup for several days, with the STM tip
immersed in the solution and a bias voltage applied between the tip and
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the sample. So far the identity of the newly formed porphyrin has not been
elucidated.
The observed additional currents which were present at the addition
of the solution of MnTUPCl in 1-phenyloctane are stable in time and
depend linearly on the applied MnTUPCl concentrations. This behavior
is expected for the redox reaction described above. In order to maintain
the reaction at the surface the monolayer has to be dynamic. The formed
2 Mn(II)TUP complexes are replaced by MnTUPCl from the solution.
It was furthermore shown that the chloride axial ligand plays an essen-
tial role in the observed additional currents. By replacing the chloride with
an acetate ligand the additional current was absent. In this case also no
changes were observed in the UV-vis spectra.
The reactions occurred on all used surfaces: Au(111), HOPG, Pt90Ir10,
and W. However, when n-tetradecane or 1-octanoic acid was used as the
solvent instead of 1-phenyoctane, additional currents above the noise level
of the STM were not observed. This can be explained by assuming that
the reaction rate of the redox reactions dropped in the former two solvents.
The resulting Faradaic current became too small to be measured in the
used setup.
If the reduction of the manganese centers of the molecules of Mn-
TUPCl or MnTAmPPCl is caused by the proposed redox reactions, the
chloride ions that were present as axial ligands at the porphyrins, are liber-
ated in the supernatant solution. Subsequently, they are oxidized at the tip
to chlorine gas. This process is proposed to happen during the reduction of
the molecules of MnTAmPPCl at the HOPG/1-octanoic acid interface.2
For the reduction of the manganese centers of the molecules of MnTUPCl
at the Au(111)/n-tetradecane interface, an alternative explanation is also
still possible. In that case, an Au adatom may coordinate to the manganese
center and liberated the chloride ligand into the supernatant solution as a
radical species.
In order to determine the identity of the newly formed porphyrin, other
techniques than UV-vis spectroscopy may be suitable. In particular mass
spectroscopy techniques may be used, since some of the proposed reaction
products consist of bis-porphyrin complexes.
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Finally, the role of the used solvent can be further studied by investigat-
ing the redox behavior in different solvents, or by performing voltammetry
experiments using an ultramicroelectrode, which allows the characteriza-
tion of redox processes in low conducting electrolytes.8
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Chapter 5
Electrochemical Scanning Tunneling
Microscope
As mentioned in the first chapter, absorbed porphyrins with a different
oxidation state may show a different apparent height when imaged with an
STM. However, it is not straightforward to get control over these different
oxidation states with a conventional liquid-STM. This chapter describes
how a three-electrode electrochemical cell can be introduced in the STM
setup, leading to full control over the surface potential with the aim to
control redox behavior of adsorbed species.
5.1 Electrochemical scanning tunneling microscopy
The redox behavior of redox-active molecules, and thus also the oxidations
and reductions of (metal-)porphyrins, can be characterized by means of
voltammetry studies.1 In general, these experiments are performed in a
three-electrode cell (Figure 5.1a). In this setup, three-electrodes are im-
mersed in a conducting liquid (the electrolyte). The redox reactions of
interest occur at the interface between the electrolyte and the working
electrode (WE) and occurs as function of the potential of the WE. This
potential is measured with respect to the potential of a reference electrode
(RE). The reactions occurring on the WE/electrolyte interface are electron-
ically counterbalanced by reactions at the interface between the electrolyte
and a third electrode, de counter electrode (CE). The resulting current
flowing from the WE to the CE, the Faradaic current, is a measure for the
electron transfer rate at the WE.
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In this three-electrode cell, the potentials and currents are controlled
and measured by a potentiostat (Figure 5.1b). The working principle of
the potentiostat is similar to that of the STM controller. The potential of
the WE with respect to the RE is measured and compared with a desired
value set by the user. Then the potential of the CE is altered such that
the potential of the WE, with respect to the RE, stays as close as possible
to the desired potential. Neither the potential of the CE nor the reactions
occurring at the CE are of our primary interest. Its only function is to
facilitate a counter reaction such that the electron transfer rates can be
determined and the potential of the WE stays as close as possible to the
set value.
The electrochemical scanning tunneling microscope (EC-STM) is a com-
bination of a scanning tunneling microscope and an electrochemical three-
electrode cell. In this microscope the STM is used to image the surface of
WE
RE
CE
Three electrode cell
current
Potentiostat
setpoint
WE-RE
ERROR
a b
Electrolyte
Figure 5.1: Schematic representation of the cyclic voltammetry setup. (a) The
three-electrode cell with the working electrode (WE), reference electrode (RE), and
counter electrode (CE) immersed in the electrolyte. The potential of the WE with
respect to the RE is measured by the potentiostat (b). Then the potential of the
CE is altered such that the potential difference between the RE and WE stays as
close as possible to the set potential. The current flowing between the WE and CE
is a measure for redox reactions occurring at the WE/electrolyte interface.
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the WE. From an electrochemical point of view, this technique allows the
imaging of the working electrode in situ in real-space, and with atomic res-
olution. Therefore, the EC-STM is also known as in situ STM. Compared
to the regular STM the main advantage of using an EC-STM is the ability
to image a sample in conducting liquids and with a well-defined potential
of the sample’s surface. Furthermore, when redox-active molecules are ad-
sorbed on the WE, the redox behavior of these molecules can be imaged
with full control over the potential of the imaged interface.
The development of the EC-STM can be divided in three steps. In a
first step, HOPG and gold surfaces were imaged in water.2 The current
at the tip, which results from redox reactions from ions in the water was
suppressed below 31 nA by using a coating on the tip. Hereby the whole tip,
except the extreme apex, was covered with a glass insulator. In a next step
redox couples were intentionally dissolved in the water.3 Although one was
still able to image the sample surface, the setup lacked the three-electrode
configuration. This was added in a last development step, enabling the
imaging of the electrochemical silver plating and stripping of HOPG in
situ.4 In the following years the setup was improved and exploited for
the research of electrode surfaces and processes at the WE surface. Again,
the atomic resolution of the STM distinguishes this technique from all other
known techniques by giving extremely local information instead of averages
of ensembles.
The ability to image redox reactions at the solid/electrolyte interface
opened a new field of research. Surfaces can be imaged with STM while
the surface potential is changed to induce deposition, etching, and corro-
sion at and of the surface.5–8 Furthermore, the redox behavior of absorbed
molecules, such as thiols9–11 and transition metal complexes,12–14 can be
characterized as function of the potential of the surface. If we focus espe-
cially on porphyrin studies, then it was shown that the potential of the WE
can tune the ordering of porphyrins at the solid/liquid interface,13, 15 can
influence the oxidation state of the adsorbed porphyrins,16 and can even
metallate porphyrins.17
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5.2 Nijmegen electrochemical scanning tunneling
microscope
The design of the Nijmegen electrochemical STM (NEC-STM) is already
described in the thesis of M. Coenen.18 The NEC-STM is based on the Nij-
megen liquid STM (NL-STM), as described in Section 1.1.2, and the EC-
STM design by Wandelt et al.19 A schematic representation of the NEC-
STM is shown in Figure 5.2. It shows the NL-STM (in gray) with addition-
ally the three-electrode cell below the STM tip and the (bi)-potentiostat (in
white). The STM works as explained in Section 1.1.1, the two main differ-
ences being that the bias potential is provided by the (bi)-potentiostat and
that the tip is modified to reduce the hindering electrochemical currents.
Both modifications will be further explained below.
0.1 V/nA
I  x 10t
Tunnel current
Piezo potentials
controller Bias potential
(bi)-potentiostat
bias ec
int. int.ext. ext.
STM imageRE
CE
WE
Figure 5.2: Schematic representation of the NEC-STM. As described in the
text, the NEC-STM is essentially the NL-STM (gray part), equipped with a three-
electrode cell and a home-built (bi)-potentiostat (white part).
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A home-built (bi)-potentiostat is added to the setup in order to control
the electrochemical potentials. While the feedback on tip height is still
settled by the STM controller, the electrochemical feedback (on the CE) is
provided by the (bi)-potentiostat. Furthermore, the (bi) potentiostat allows
the user to set the two input potentials: the potential difference between
the tip and the sample, and the potential difference between the WE and
the RE. The RE is a commercially obtained LF-1 Ag/AgCl electrode∗.
The CE consists of a platinum strip.
The absolute potentials in the NEC-STM system are determined by the
choice to have the tip grounded, similar as in the NL-STM. As a result,
the potential difference between the tip and the sample has to be applied
directly to the sample. The electrochemical potential difference has to be
corrected for the applied STM potential. The potentials of the electrode
are given in Table 5.1.
Note that, due to the design of the (bi)-potentiostat, the true electro-
chemical potential of the sample with respect to the reference electrode is
the negative of the set electrochemical potential. The table also shows the
potential of the tip with respect to the RE. This allows control over the
electrochemical reactions at the tip and thus reduces additional currents
on top of the tunnel current. Furthermore, the potential of the tip has to
be close to the potential of the sample to prevent large potential drops and
false interpretation of the sample’s potential near the tip.
The setup can be expanded to perform voltammogram studies. Hereby,
the Faradaic current is measured as function of the potential of the WE.
∗Innovative instruments inc.
Table 5.1: Settings of the electrode potentials in the NEC-STM
With respect to
tip (ground) reference (RE)
Tip 0 − bias − electroch.
Sample bias − electroch.
Reference bias + electroch. 0
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Then a function generator† is used as external power source to supply the
potential on the sample and a digital datalogger‡ records the Faradaic cur-
rent and the potential of the sample. An example of such measurements is
given in Chapter 6.
5.2.1 NEC-STM tips
The tip is the most vulnerable part of the EC-STM. The tunnel current can
easily be overwhelmed by electron transfer reactions that occur at the tip.
As mentioned, this effect can be reduced by applying a coating on the tip.
Besides the coating, the tip material also has an influence on the electron
transfer rates occurring at the tip. Below, tips of different materials and
with different coatings will be considered, aiming for a reproducible method
to create good quality NEC-STM tips.
Tip material and sharpening
Platinum-iridium (Pt-Ir), tungsten (W) and to a lesser extent gold (Au)
are the most commonly used tip materials. Gold tips are mainly used to
exploit the strong covalent bonding with thiolated molecules. This allows
the positioning of single molecules within the tip-sample gap.20 Within the
NEC-STM, platinum-iridium and tungsten tips were considered.
The different methods to prepare the tips can be divided into two cate-
gories: mechanical and physicochemical procedures. Mechanical procedures
involve acts such as cutting, shearing, and grinding. Their main advantage
is their simplicity, the downside is that irregular tip shapes are observed and
a large radius of curvature.21 Figure 5.3a and d show scanning electron mi-
croscope (SEM) images of a cut Pt-Ir tip. Physicochemical procedures are
for example: electrochemical etching, chemical vapor deposition, electron
beam deposition, and ion milling.22 The main advantage of these methods
is the controlled sharpening of the tip, resulting in extremely sharp and
†Analog HP 3310B, analog function generators are preferred above digital, since the
discrete character of digital signals introduces noise in the system.
‡National instruments USB 6259 BNC
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symmetric tips. Of the physicochemical procedures, etching is by far the
most easy method to use. Figure 5.3b, c, e and f show SEM images of two
electrochemically etched W tips.
Tungsten tips In general tungsten tips are prepared using physicochem-
ical procedures. The hard tungsten will fracture when being cut, sheared,
or grinded. This results in irregular, blunt tips. Sharp, well defined tips can
be produced by electrochemical etching. Hereby, a tungsten wire is placed
into a basic solution. Upon applying a potential between the tip wire and a
counter electrode, tungsten is consumed at the wire-electrolyte interface:23
W + 2OH− + 2H2O→WO 2−4 + 3H2 (5.1)
At a certain point the weight of the lower part of the wire cannot be bore
anymore by the thin piece at the wire-base solution interface, and the wire
a 0.2 mm b 0.2 mm c 0.2 mm
d 1 μm
e
20 μm f 20 μm 
Figure 5.3: SEM images of Pt-Ir and W tips. (a) and (d) show the apex of a cut
Pt-Ir tip. (b), (c), (e), and (f) show two etched W tips, (b) and (e) are etched at
4 V, (c) and (f) at 10 V.
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will break. The result is a sharp tip. This method can be applied in
two ways: the tip wire can be placed into a beaker containing the base
solution,24 or the tip can be placed through a hanging meniscus of the
solution.23 The latter setup is preferred since the location of the etching
is well-defined. Furthermore, this method results in two usable tips. The
lower part, which drops when the etching is finished, also has a well-defined
sharp tip. The NEC-STM tips were prepared using the hanging meniscus
method.
A schematic representation of the etching setup is shown in Figure 5.4a.
A gold wire ring with a diameter of 15 mm was immersed into a 2 M NaOH
aqueous solution. When retrieving the ring from the solution a meniscus
was formed. Then a tungsten tip was positioned in the middle of the ring,
protruding the meniscus. The etching was performed by applying a DC
potential difference (4 till 10 V) between the gold ring and tungsten wire.
After the drop off of the lower part, the etching was stopped directly to
prevent further blunting of the tip. After the etching the tip was cleaned in
demi water to remove remains of the base solution. During the etching the
OH– concentration in the meniscus decreased and the WO 2–4 concentration
increased. Due to the accompanying change in surface tension, the meniscus
might break.23 If the etching was not completed yet, the meniscus was
restored with fresh solution and the etching was continued.
SEM images of etched tungsten tips are shown in Figure 5.3b, c, e and
f. The irregularities in the tip shape are caused by the breaking of the
meniscus. After the meniscus was restored and the etching continued the
exact location of the etching could have been changed several microns. The
tips were etched at different potentials ranging from 4 to 10 V DC. The
tips as shown in panel b and e were etched at 4 V DC, the tips in panel
c and f at 10 V DC. The SEM images show no significant differences for
etching at the different potentials.
One of the main drawbacks of the electrochemically etched tips is the
formation of an oxide layer on the tip surface with thickness of the order of
nanometers.25, 26 These layers have to be removed from the extreme apex of
the tip, which can be achieved by for example ion milling,22 electron bom-
bardment,24, 27 field emission,25 or wet chemical treatments.26 We removed
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b
Temperature
control
Vetch
a
Tungsten wire
2 M aqueous NaOH 
Gord wire ring
c
d
Figure 5.4: Schematic presentation of the etching (a) and PE coating tools (b).
(a) A tungsten wire is placed in a NaOH meniscus held by a 15 mm gold ring.
Etching is driven by an electrical potential difference between the tungsten wire and
the gold ring. (b) The coating tool consists of a heated plate holding the melted
PE. Then the tip is drawn through the melted PE resulting in a coated tip (c). (d)
Pt-Ir tip coated with SA.
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the oxide layer by a soft tip crash during the approach in the NEC-STM
setup. Since imaging was still possible it was concluded that the tip stayed
sharp enough to image the WE surface. However in some cases the ox-
ide layer was restored during the use of the tip in the aqueous electrolyte,
resulting in unstable imaging performance.
Platinum The Pt-Ir tip wires were simply cut using a diagonal plier,
resulting in sharp tips as shown in Figure 5.3a and d. The main drawbacks
of using cut Pt-Ir tips are a larger chance on a double tip, as illustrated
in panel d, and the higher electrochemical reactivity of Pt compared to
W. The chance on double tips can be reduced by etching the Pt-Ir tips.
However, toxic solutions and or high potentials have to be used. Examples
are: KCN or NaCN and NaOH at 5-25 V AC,28, 29 or a combination of
CaCl2/H2O/acetone and H2SO4
21, 30, 31 at 20 V AC. Cut Pt-Ir tips are
preferred since they are easy to manufacture.
The main advantage of using Pt-Ir tips is their easy fabrication. The
main disadvantage of using W tips is the oxide layer which is present after
the etching and which is formed during use. Finally, Pt-Ir double-tips, as
described above, are only rarely encountered during imaging.
Tip coating
Tips can be coated with a wide variety of materials which are all, matter of
course, insulators. Furthermore, they have to be inert to the electrochemi-
cal environment. A selection of used materials is listed in Table 5.2.
The Pt-Ir and W tips used in the NEC-STM setup were coated using
nail varnish, polyethylene (PE), and stearic acid (SA). The nail varnish
coating was applied by simply dipping the tip in the solution. The nail
varnish was subsequently dried with the tip pointing upwards. In this way
the tip apex was left uncoated. A similar approach was used when SA
coatings were applied. The SA was heated to 90◦ C, the tip was dipped
in the SA, and the SA solidified with the tip pointing upwards. The PE
coating was applied using a heated square plate with a slit as depicted in
Figure 5.4b. The PE was placed on the square plate and the temperature
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Material Method Ref.
Epoxy Dipping 31
Nail varnish Dipping 32, 33
Polymers Dipping, melting 34
Apiezon wax Melting 29, 35, 36
Glass Melting 2, 37
Oxides Electrochemical, sputtering 27
Electrophoretic paint Dipping, electrochemical 36, 38, 39
Table 5.2: Different coating materials and coating methods for EC-STM tips.
was raised between 200◦ C and 300◦ C. As the PE was melted, the tip
was raised through the melted PE and removed sideways. In this setup we
had a moderate control over the temperature and since all movements had
to be performed manually poor control over the raising speed. However,
this method produced the best reproducible coatings. Tips with a SA and
PE coating are shown in Figure 5.4c and d. Besides these homemade tips
we also used commercially coated Pt-Ir tips (Agilent Technologies Pt80Ir20
Ø 0.25 mm Ultra).
The uncovered area of the coated tip was quantified by performing step
voltammetry. Hereby the tip was immersed into a three-electrode cell con-
taining an electrolyte (acetonitrile with 0.1 M [N(C4H9)4]
+[PF6]
– ) and ref-
erence redox couple (0.1 mM ferrocene, Fc). As will be explained in more
detail in Section 6.3, the ferrocene can be oxidized to give the stable cation
ferrocenium, Fc+/Fc.
Fc
kox−−⇀↽−−
kred
e− + Fc+. (5.2)
During the step voltammetry experiment the potential was instantaneously
changed from V1 = −1400 mV to V2 = 1400 mV vs Ag/AgCl. Before the
voltage jump the oxidation of Fc is thermodynamically unfavorable, but
as the potential is changed the oxidation occurs at the uncoated area of
the tip. This results in a Faradaic current which becomes stable after a
while. This steady state current, iss, can for a hemisphere electrode be
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Figure 5.5: Reduction of the Faradaic current at the different tips with different
coatings. The dots correspond with Fc −−→ Fc+ + e– , the crosses correspond
with Fc+ + e– −−→ Fc at the tip surface. The gray area indicates the background
current during the measurements.
approximated by1
iss = 2piFrcD, (5.3)
with the Faradaic constant, F , the concentration, c, the diffusion coefficient,
D, and the radius, r. This equation shows that the steady state scales with
the radius of the hemisphere. Thus iss can be considered as a measure for
the uncoated area of the tip.
The results of the measurements using various coatings are shown in
Figure 5.5. The measured anodic and cathodic currents are an average of
five successive steps within the same experiment. Since the reaction rates of
the reduction and oxidation of ferrocene differ at the Pt-Ir and W tips the
measured current are normalized to the currents measured at an uncoated
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tip of the same material. This allows comparison between the two different
tip materials. The three-electrode cell had a cathodic (anodic) background
current of 0.93±0.02 (-1.19±0.02) µA, which is shown by the gray area
in the figure. The measurements on the tungsten tips show higher back-
ground currents since the measured Faradaic currents are smaller (on both,
the coated and uncoated tips). The high background current complicates
drawing firm conclusions. However, it can be seen that none of the coatings
performed very badly, neither are significant differences observed between
them. The tips coated with nail varnish are not included in this graph since
the varnish appeared to dissolve in the electrolyte. Based on these results
the most convenient coating method was chosen; the commercially coated
tip and the PE coated cut Pt-Ir and etched W tips.
5.3 NEC-STM at work
With the NEC-STM built, HOPG and Au(111) samples were imaged in
several electrolytes, as summarized in Figure 5.6. The results show the ca-
pability of the built setup. As described above, the Pt-Ir and W tips coated
with PE and the commercial tips were used. Figure 5.6a and b show images
of HOPG immersed in 0.1 M aqueous sulphuric acid at different electro-
chemical potentials. During the measurement, the background current at
the PE-coated Pt-Ir tip varied around 1 nA. Panel a shows the surface at
an electrochemical potential of 450 mV w.r.t. Ag/AgCl. At this potential
the HOPG steps look straight and stable. At an increasing electrochemical
potential the step edges stayed stable until potentials of 1200 mV. Hereby,
imaging was only possible with the tip at a bias voltage of 400 mV w.r.t
Ag/AgCl. For all other bias potentials at the tip the background current
increased, making imaging impossible. Panel b shows the same step edge
at an electrochemical potential of 1500 mV. The step edge is fuzzy and
consists or seems to consist of multiple steps. At this sample potential oxy-
gen evolution, 2 H2O −−→ O2 + 4 H+ + 4 e– , starts to occur at the surface.
It is therefore that at higher electrochemical potentials imaging became
impossible due to the high background currents at the tip and due to gas
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a
25 nm
V     = 400mV; I  = 2.5nA;  V     = 450mV
HOPG / 0.1 M aqueous sulphuric acid
bias                           t                           WE
b
25 nm
V     = 1450mV; I = 2.5nA; V    = 1500mV
HOPG / 0.1 M aqueous sulphuric acid
bias                             t                        WE
c
30 nm
V     = 500mV; I = 3.5nA;  V    = 800mV
HOPG / 0.05 M aqueous borax
bias                          t                          WE
d
2 nm
V     = -150mV; I = 3.5nA;  V    = -220mV
HOPG / 0.05 M aqueous borax
bias                            t                          WE
e
50 nm
V     = 320mV; I = 1.5nA;  V    = 300mV
Au(III) / 0.1 M aqueous sulphuric acid
             50mM  CuSO
bias                          t                          WE
4
f
50 nm
V     = -300mV; I = 2.5nA;  V    = -400mV
Au(III) / 0.1 M aqueous sulphuric acid
             50mM  CuSO
bias                            t                          WE
4
Figure 5.6: NEC-STM constant current images. (a) and (b) Images of HOPG
in sulphuric acid. (c) and (d) Images of HOPG in a borax solution. (e) and (f)
Images of Au(111) in sulphuric acid. Measurement settings are given underneath
the images, hereby all potentials are with respect to Ag/AgCl.
bubbles, resulting from the oxygen evolution, in the electrolyte.
A HOPG sample immersed in an aqueous borax (Na2B4O5(OH)4) solu-
tion (0.05 M) is shown in Figure 5.6c and d. Panel c shows several HOPG
steps and was recorded using the commercial tip. The wave pattern su-
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perimposed on the image was caused by electronic noise. The frequency of
the signal is 51±2 Hz. Most likely the signal is picked up from the mains
or lightnings. The patterns were also observed in other tip and electrolyte
combinations. The most likely source of the noise is the RE and the RE
wiring. These are long and are the least shielded parts of the setup. Panel
d shows an image of the graphite with atomic resolution. This image was
recorded using the Pt-Ir tip, coated with PE.
The images presented in Figure 5.6 a to d show that it is possible to
image surfaces in conducing liquids in the NEC-STM. However, there are
several drawbacks. It was already mentioned that the setup picked up
some 50 Hz electronic noise. A second drawback is the length of the tip
and the variations in the length of the tip. In the NL-STM setup the tip
length is between 3 and 5 mm. For the NEC-STM this varies between 8
and 13 mm. The length of the tip contributes to the x and y coordinate
calibrations. Consequently, variations in the tip length results in differences
in the x and y coordinate calibrations. Therefore the NEC-STM x and y
coordinates have to be calibrated for each experiment. Furthermore, for
fast scan speeds the edges of the image are distorted. This is due to the
length of the tips, because they become less stiff if they become longer.
NEC-STM images that were made using the PE-coated W tip are not
shown. Using this tip, HOPG surfaces were imaged in aqueous sulphuric
acid and borax. However it turned out that, the image quality deteriorated
within 15 minutes, most likely caused by oxidation of the tip surface. Al-
though the rate of oxidation depends on the potential of the tip, the effect
limits the functionality of the tip. Therefore, Pt-Ir tips are preferred above
W tips.
In order to determine whether it is possible to electrochemically modify
the surface imaged with the STM an attempt was made to image the depo-
sition of Copper on Gold, similar to former studies.40, 41 Figure 5.6e and f
show a Au(III) sample imaged in aqueous 0.1 M sulphuric acid with 50 mM
CuSO4. The copper ions are able to be deposited on the gold when the po-
tential of the gold is reduced below an electrochemical potential of -400 mV.
Panel e shows the gold surface prior to deposition. Imaged at a bias poten-
tial of 300 mV with respect to Ag/AgCl. Then the electrochemical potential
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was decreased to -500 mV allowing the reduction of the copper ions and the
deposition of copper at the surface. This process was confirmed by observ-
ing a color change of the sample’s surface, from the gold color to the more
brownish copper color. During this deposition, imaging was impossible due
to large (more than 5 nA) measured currents. After the reduction, the sam-
ple was imaged at -400 mV with respect to Ag/AgCl (Figure 5.6f). The
surface structure clearly changed. In Figure 5.6e the steps in the Au(III)
surface can be recognized. Figure 5.6f show the formed copper crystallites
which are characteristic for this deposition process.40, 41 The images do not
reveal details of the deposition of Cu ions on the Au(III) surface, but the
change of the surface color and the change is surface structure as images
by STM indicates that the electrochemical deposition of copper on gold
occurred. Furthermore, it was possible to control this redox-reaction by
settings the correct potentials.
5.4 Attempts to image molecules in the NEC-
STM
In an attempt to image the redox behavior of copper-porphyrins (CuTUP,
see Chart 3.1), a HOPG sample decorated with a monolayer of the por-
phyrins was inserted into the NEC-STM. The monolayer was prepared by
immersing the HOPG sample in a solution of CuTUP in n-heptane (0.1
mM) and rinsing it with pure n-heptane. After the formation of the mono-
layer has been confirmed by AFM or NL-STM, the sample was introduced
in the NEC-STM, and a measurement was started.
Since the used porphyrins are hydrophobic, it was assumed that the
molecules would stay on the HOPG surface upon adding the aqueous elec-
trolyte. This was confirmed by AFM and STM measurements as shown in
Figure 5.7. Different samples were immersed in a 0.1 M aqueous sulphuric
acid solution and thereafter dried with a gentle nitrogen flow. Panels a,
b, and c were recorded before the immersion, and panels d, e, and f after
the immersion and drying. Figure 5.7 a and d show AFM images of a bare
HOPG prior and after immersion. The bright patches visible in panel d are
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most likely dried sulphuric acid which was left behind after the immersion
and drying of the sample. Panel b shows an AFM image of a monolayer of
CuTUP on HOPG. The straight lines in the AFM image betray the pres-
ence of the monolayer. Since they are the boundaries between domains with
a different molecular packing.42 The AFM image shown in Figure 5.7e con-
firms that the monolayer of CuTUP is still present on the HOPG surface
after its immersion in the sulphuric acid solution. This result is confirmed
by STM, as is shown in panel c and f.
However, despite several attempts, it was impossible to image the Cu-
TUP monolayer in the presence of an electrolyte. As mentioned earlier, the
tunnel currents which can be used are limited by the additional currents at
the tip. Despite the use of the different tips described above and different
electrolytes, the tunnel current always had to be larger than 1 nA in order to
overcome the additional current. NL-STM measurements on the CuTUP
monolayer at the HOPG/air interface show that the layer gets disrupted
and eventually disappears when tunnel currents higher than 250 pA were
applied. Unless, the electrolyte used in the NEC-STM experiments stabi-
lizes the monolayer, it can be expected that within the NEC-STM setup
it is impossible to image the redox behavior of the copper-porphyrins on
HOPG. The additional current at the tip overwhelms the maximum allowed
tunnel current to maintain the monolayer.
5.5 Conclusions and proposed improvements
The NEC-STM can be used to image samples in a conducting liquid with
full control over the potential of the sample. This allows control over the
redox behavior at the WE surface. Using coated tips, the additional current
at the tip due to the presence of redox couples and ions in the used solution
can, under the correct electrochemical conditions, be reduced to 1 nA.
So far, it was not possible to image a monolayer of CuTUP immersed
in an electrolyte in the NEC-STM setup. The Faradaic currents were larger
than the maximal currents that can be used to image the monolayer. In
order to be able to image the copper-porphyrins, or more general, molecu-
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Figure 5.7: AFM and STM images of a copper-porphyrin monolayer before (A,
B, and C) and after (D, E, and F) immersion in a aqueous sulphuric acid solution.
A) and D): AFM images of a bare HOPG surface. B) and E): AFM images of
a copper-porphyrin monolayer on HOPG. C) and F): STM images of a copper-
porphyrin monolayer on HOPG.
lar monolayers in the NEC-STM, the system may be changed in different
ways. The Faradaic currents are due to redox-reactions at the tip, so a first
possibility to reduce the additional current is to change the tip material
and/or coating. Different tips were studied with different coatings and in
no case the Faradaic currents at the tip became below 1 nA.
The additional current can also be removed electronically. The tunnel
current is retrieved by subtracting the additional current from the measured
current.43 Hereby, the additional current is measured with the tip out of
tunnel range prior to each scan line. One can also add a modulation on
the STM bias voltage. Using a lock-in amplifier the modulation can be
found back in the measured current, separating the tunnel current from
the additional current. However, due to the integration step in the lock-in,
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such a system will become very slow. A final suggestion is to change the
molecular layer. By using molecules and surfaces that form monolayers that
can withstand higher tunnel currents the claim on the maximum additional
tunnel current is loosened.12, 16
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Chapter 6
Electrochemical and electrocatalytic properties
of graphite modified with a sub-monolayer of
Dawson-type polyoxomolybdates
As mentioned in the previous chapter the NEC-STM setup can be used
to perform voltammetry studies on molecular monolayers. This chapter
describes such experiments. Instead of using organic molecules as in the
other parts of this thesis, here inorganic polyoxometalates clusters are used.
The main reason is their wealthy and well known redox behavior.1–3
6.1 Introduction
Polyoxometalates (POMs) are large inorganic clusters built up from tran-
sition metal oxoanions. The connections between these building blocks
can be precisely programmed, resulting in a wide variety of POM struc-
tures.4 Polyoxometalates have potential applications in catalysis,2, 5 medic-
inal chemistry,6, 7 materials science,8 as batteries9 and in the hydrogen
economy.10 Many of these applications are based on the ability of the
POMs to be reduced multiple times.1
Upon reduction of the POMs, the metal ions in the metal oxoanion
building blocks accept electrons,2 yielding mixed-valence compounds with
high negative charges. The added electrons are delocalized over the POMs
and induce almost no structural changes.3 However, they can change the
electrochromic and catalytic properties of the POMs, as well as their proton
and electron affinity. The effect of the reductions on the luminescence,
photochromism, and electrochromism of the POMs makes them interesting
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building blocks for electrochromic materials.11–13 As the negative charge
of the POMs increases, their proton affinity increases and, if protons are
available, the POMs can be protonated.14 When negatively charged or in
a protonated state, the POMs can become electrocatalytically active by
delivering electrons or protons to other species.15–17 The redox behavior
of the POMs can be characterized in solution14, 18 or after deposition as a
thin film on an electrode.16, 19
The construction of functional devices based on POMs depends on
methods to immobilize or position them on or into the device.2 The most
obvious method to achieve this is by constructing thin layers of POMs,
which can be done using a variety of techniques. Layer-by-layer assem-
bly,20 the most commonly applied technique, is based on the building up
of oppositely charged layers. Such assemblies allow the study of the elec-
trochemical behavior of multilayers of POMs.16, 21, 22 POMs can also be
immobilized on a surface by embedding them in a polymeric matrix.23, 24
Lamellar structures of POMs can be formed with the help of Langmuir-
Blodgett techniques.25, 26 Other methods to create films of POMs are sol-
gel processing27 and electrodeposition.28
In this chapter, highly oriented pyrolytic graphite (HOPG) is modified
with Dawson-type polyoxomolybdate [(N(C4H9)4)
+]4 α-[(SO4)2Mo18O54]
4−
((SO4)2Mo18, Figure 6.1a), thus creating a HOPG/(SO4)2Mo18 elec-
trode. The HOPG is covered with sub-monolayers of the molecules of
(SO4)2Mo18 by dropcasting a dilute solution of the compound onto it.
The thus formed electrode is characterized by scanning probe microscopy
and cyclic voltammetry. We will further show that upon their reduction
the absorbed molecules of (SO4)2Mo18 become catalytically active in the
reduction of iodate to iodide.
6.2 Monolayer characterization
A solution of molecules of (SO4)2Mo18 in acetone (concentration: 1 µM)
was dropcasted onto a freshly cleaved HOPG sample. The newly formed
HOPG/(SO4)2Mo18 electrode was subsequently characterized by AFM,
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Figure 6.1b, and STM, Figure 6.1c. The images show a sub-monolayer of
the molecules of (SO4)2Mo18 on the HOPG surface. In the AFM image
this sub-monolayer is characterized by the presence of small islands with
an apparent height of 0.5 nm. The STM image shows the ordering of the
molecules of (SO4)2Mo18 at the HOPG surface. Each cluster occupies
approximately 2.5 nm2.
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Figure 6.1: a) Schematic structure of the molecules of (SO4)2Mo18. b) AFM
image of a submonolayer of the molecules of (SO4)2Mo18 on HOPG. The cross
section shows the height of the islands of (SO4)2Mo18. c) STM image of a
(SO4)2Mo18 domain on HOPG. It = 10 pA, Vbias = 1.5 V.
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The use of dropcasting for the preparation of films of POMs with well-
defined thicknesses for the fabrication of the HOPG/(SO4)2Mo18 elec-
trode has been rarely reported in the literature. Dropcasting of a solution
of tungsten-based polyoxometalates in acetonitrile (3mM) on glassy carbon
gave crystalline micrometer thick samples.29 The difference in coverage can
be explained by the fact that we used a lower concentration of the POM
clusters during the electrode preparation. One of the main advantages
of the method described here is that the formed electrodes can be char-
acterized by scanning probe techniques. Besides atomic force microscopy
and scanning tunneling microscopy, the electrodes can be studied by for
example Kelvin probe microscopy, scanning tunneling spectroscopy or elec-
trochemical scanning tunneling spectroscopy, as well as by voltammetric
techniques.
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Figure 6.2: Explanation of cyclic voltammetry. a) The potential of the WE with
respect to a RE is swept linearly while the resulting current between the WE and
CE is measured. b) Cyclic voltammogram of ferrocene. By plotting the measured
current as function of the potential quantities like the anodic and cathodic peak
potentials (Epa and Epc) and currents (ipa and ipc) can be derived.
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6.3 Cyclic voltametry
One of the most used voltammetry techniques is cyclic voltammetry. In
cyclic voltammetry experiments three electrodes are placed in a conduct-
ing liquid (electrolyte). The current flowing from the working electrode
(WE) to the counter electrode (CE), or vice versa, is measured while the
potential of the WE is linearly swept (Figure 6.2a). The potential of the
WE is measured with respect to a reference electrode (RE). The current
flowing from the WE to or from the CE is plotted as function of the applied
potential (Figure 6.2b). In this example, the electrochemical behavior of
ferrocene, Fc, is shown. As already mentioned in the previous chapter,
ferrocene can be oxidized to ferricinium, Fc+:
Fc
kox−−⇀↽−−
kred
e− + Fc+ E0 = 440 mV w.r.t Ag/AgCl. (6.1)
Herein, E0 is the standard electrode potential, the potential at which the
reaction is in equilibrium under standard conditions∗. The voltammogram
shown in Figure 6.2 is started at -400 mV†. When the potential approaches
E0, the oxidation of Fc starts (Fc −−→ e– + Fc+) . This results in a
cathodic current which peaks directly after E0 and becomes constant if the
potential becomes more positive. When subsequently the scan direction
is reversed and the potentials approaches E0, the reduction of Fc+ starts
around +400 mV. This results in the anodic current peak.
The concentration of the oxidized and reduced species at the surface of
the electrodes, cred/ox, can be derived from the measured Faradaic current.
This current scales with the reaction rate, kred/ox(V ), which depends on
the potential of the electrode, V :
iF = FA(koxcox − kredcred), (6.2)
with the Faradaic constant F ≈ 9.64 × 10−4 C/mol, and the area of the
electrode, A. The peaks in the current are a result of a high reaction rate
∗Solute concentration of 1 M, Pressure of 1 atm and temperature of 298 K
†In this thesis the IUPAC convention is used to report CV data.
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and a high concentration of the reactive species near the surface of the
electrode. At larger potentials, behind the peak, the Faradaic current is
limited by cred/ox and determined by the flux of the reactive species from
the bulk to the surface of the electrode. Measurable quantities such as the
peak locations and peak height can be theoretically predicted.30
6.4 Electrochemical behavior of the
HOPG/(SO4)2Mo18 electrode
Cyclic voltammetry measurements were performed on samples at which the
relative surface coverage of the molecules of (SO4)2Mo18 was between 0.3
and 0.8. The voltammetric response of the HOPG/(SO4)2Mo18 electrode
in 0.1 M aqueous sulphuric acid is shown in Figure 6.3. The POM system
itself is a strong acid. As solvent we chose dilutes aqueous H2SO4, a con-
ventional acid solvent. This is expected to provide stable electrodes with
POMs.31 In contrast to a bare HOPG electrode (gray trace in Figure 6.3a),
the HOPG/(SO4)2Mo18 electrode (black trace) shows rich redox behav-
ior. Down to a potential of −400 mV, six redox processes can be identified,
labeled I–VI. The potentials of the first four redox processes are summa-
rized in Table 6.1. The inset in Figure 6.3a shows the separation between
the anodic and cathodic peak currents of the first three redox processes as
function of the scan rate.
As the number of successive scans increases, the location of the re-
dox potentials remains the same, while the peak currents decrease (Fig-
ure 6.3b). Here the effect of exhaustive voltage scans is shown for two
different HOPG/(SO4)2Mo18 electrodes (1 and 2) which were prepared
using the same protocol. In order the determine whether the decrease in
peak current is related to the low potential redox processes the potential
scans at electrode 1 were terminated at −400 mV, while those at electrode 2
were terminated at 0 mV, 100 and 75 cycles, respectively, has been applied.
The first and each 12th cycle are shown, and the inset shows the decrease
of the anodic and cathodic peak currents (more precisely, the decrease of
the average of the peak currents of redox processes I–III of electrode 1 and
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2 as a function of the number of scans).
The observed voltammetric behavior is consistent with that of molecules
of (SO4)2Mo18 dissolved in acidic media,
14, 32 which suggests that each of
the processes I–IV consists of two unresolved one-electron steps and accom-
panying proton transfer reactions.14 In proton-rich media, the one-electron
reduced species is unstable and disproportionates.33 Attempts to determine
the number of electrons transferred in processes I–IV by considering the
surface under the peaks yielded no conclusive result. Although the area per
molecule of (SO4)2Mo18 is known, the uncertainty in the surface coverage
is too large. The reductions and concomitant protonations of the molecules
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Figure 6.3: a) Cyclic voltammograms of a HOPG/(SO4)2Mo18 electrode (black
trace) and a bare HOPG electrode (gray trace). The inset shows the dependence
of the potential difference between the cathodic and anodic peaks as function of the
scan rate for the first three processes. b) Cyclic voltammograms of successive scans
on two different HOPG/(SO4)2Mo18 electrodes. The potential scans at electrode 1
were terminated at −400 mV and those at electrode 2 at 0 mV. The traces represent
the first and each 12th scan. In the inset the average of the peak currents versus
the scan number is plotted for both electrodes. All scans were recorded in 0.1 M
aqueous sulphuric acid and with scan rates of 100 mV/s.
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of (SO4)2Mo18 can be written as:
I : [MoVI18O54(SO4)2]
4− 2 e−,2H+−−−−−−⇀↽ − [H2MoV2MoVI16O54(SO4)2]4−
II : [H2Mo
V
2Mo
VI
16O54(SO4)2]
4− 2 e−,2H+−−−−−−⇀↽ − [H4MoV4MoVI14O54(SO4)2]4−
III : [H4Mo
V
4Mo
VI
14O54(SO4)2]
4− 2 e−,2H+−−−−−−⇀↽ − [H6MoV6MoVI12O54(SO4)2]4−
IV : [H6Mo
V
6Mo
VI
12O54(SO4)2]
4− 2 e−,2H+−−−−−−⇀↽ − [H8MoV8MoVI10O54(SO4)2]4−
Processes V and VI are located at the edge of the solvent limit (de-
creasing the potential further would lead to the reduction of the used
electrolyte). They overlap and can be associated with one-electron pro-
cesses.14, 32 Hereby, each of the two redox processes (V and VI) groups
four one-electron transfer reactions. The resulting species becomes unstable
and might decompose.32
The half-wave potentials, E1/2, of redox processes I–IV are listed in
Table 6.1. The distance between the half-wave potentials of sequential
redox processes, ∆E1/2, increases upon the number of reductions of the
molecules of (SO4)2Mo18. This can be explained by a stabilizing effect on
further reductions by earlier reductions and accompanying protonations of
the molecule.14
The differences between the cathodic and anodic peak potentials, ∆E =
Epc−Epa, are larger than zero and thus larger than expected for a reversible
Table 6.1: Peak potentials of redox processes I–IV derived from the cyclic voltam-
mograms in Figure 6.3a. The half-wave potential, E1/2, the distance between se-
quential half-wave potentials, ∆E1/2, and the separation of the cathodic and anodic
peak potential, ∆E at a scan rate of 100 mV/s are summarized.
Process E1/2 [mV] ∆E1/2 [mV] ∆E [mV]
I 460 120
II 330 130 80
III 130 200 100
IV -150 280 100
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process of absorbed species. Part of the separation can be caused by an
uncompensated resistance in the electrochemical cell. However, the obser-
vation that the values for ∆E depend on the scan rate, as shown in the inset
of Figure 6.3a. This is not expected for surface confined processes. The
process is behaving quasi-reversible. The reduction and oxidation poten-
tials of the adsorbed molecules of (SO4)2Mo18 is determined by a limited
charge transfer and or the diffusion of protons from the electrolyte.
It was not possible to elucidate whether the decrease in peak current
upon repeated scanning was caused by the reduction steps, the oxida-
tion steps, or the repetitive reductions and oxidations of the molecules
of (SO4)2Mo18. Figure 6.3b shows the decrease in the peak currents for
two different HOPG/(SO4)2Mo18 electrodes. The potential scans at elec-
trode 1 and 2 were terminated after redox process VI and III, respec-
tively. As shown in the inset, the decrease of the peak current occurs at
both electrodes. Thus it is not only caused by a possible decomposition of
the molecules of (SO4)2Mo18 during redox processes V or VI.
32 Alterna-
tively, the molecules of (SO4)2Mo18 might gradually desorb and dissolve.
Although the native molecules of (SO4)2Mo18, as applied on the HOPG
surface, do not dissolve in water, the reduced and protonated species might
dissolve, due to their increasingly charged nature. Furthermore, it is possi-
ble that the molecules of (SO4)2Mo18 at the HOPG surface gradually de-
compose due to the many redox processes they undergo. Similar electrodes
comprising tungsten-based polyoxometalates POMs were also reported to
show a decrease in the peak current,29 but this was slightly smaller than
the decreases observed at our electrodes.
The decrease in peak current as shown in the inset in Figure 6.3b are
normalized with the peak height of the first cycle. The peak current at
electrode 1 decreases faster than on electrode 2. This could be due to the
higher potential at which the potential sweep is reversed. However, since
different electrodes were used for both experiments it could also be due to
a difference in packing geometry, packing density and or surface coverage.
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6.5 Electrocatalytic behavior of the
HOPG/(SO4)2Mo18 electrode
It has been reported that reduced and protonated POMs are capable of de-
livering protons to bromate and iodate ions and electrocatalytically reduce
these to bromide and iodide.16 Here, the electrocatalytic properties of the
HOPG/(SO4)2Mo18 electrode in the reduction of iodate, IO
−
3 to iodide,
I− were investigated.
The voltammetric response of the HOPG/(SO4)2Mo18 electrodes in
the presence (black traces) and absence (gray trace) of 1.8 mM aqueous
NaIO3 in the electrolyte is shown in Figure 6.4a. The gray trace is termi-
nated after reduction V and shows the same redox behavior of the molecules
of (SO4)2Mo18 as that observed in Figure 6.3. The black traces represent
three voltammograms, measured at three different samples and terminated
at three different potentials. In the presence of NaIO3, besides the redox
processes involving the molecules of (SO4)2Mo18, an additionally increase
in the anodic current at more negative potentials of redox process II is
observable.
Figures 6.4b and 6.4e compare the redox behavior of the iodate ions in
the presence (panel b) and absence (panel e) of the (SO4)2Mo18 clusters on
HOPG. Here, the effect of exhaustive voltage scans is depicted by showing
each 10th curve both in the absence and presence of the immobilized clusters
of (SO4)2Mo18. In Figure 6.4c the anodic peak height at −400 mV is
plotted for both the functionalized and unfunctionalized electrodes as a
function of the cycle number. As the number of voltage scans increases,
a new redox process appears at 480 mV for which the peak currents are
plotted as a function of the number of scans in Figure 6.4d.
The increasing anodic current in the presence of NaIO3 (Figure 6.4a) is
caused by the reduction of the iodate ions:16
IO −3 + 6 H
+ + 6 e− −−→ 3 H2O + I−.
This reduction of iodate already starts after reduction II of the (SO4)2-
Mo18 clusters has occurred. The current increases in size when the poten-
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Figure 6.4: a)Voltammetric response of HOPG/(SO4)2Mo18 electrodes in 0.1 M
sulphuric acid (gray trace) and in 0.1 M sulphuric acid in the presence of 1.8 mM
NaIO3 (black traces). b and e)Voltammetric response (2
nd, 10th and 20th scan) of
HOPG/(SO4)2Mo18 electrode (b) and a bare HOPG electrode (e) in the presence
of iodate. Each 10th voltage scan is shown. c) The anodic current at −400 mV
associated with the reduction of iodate as function of the number of curves. d) The
peak currents of 2 I– −−⇀↽ − 2 e– + I2 as function of the number of curves. The
data shown in c and d are obtained from the data presented in b and e, respectively.
All scans are recorded with scan rates of 100 mV/s.
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tial is increased further in the negative direction. So also the reaction rate,
increases further towards more negative potentials.
When the behavior of the HOPG/(SO4)2Mo18 electrode (Figure 6.4b)
is compared to that of the bare HOPG electrode (Figure 6.4e), it can be
observed that in the second voltammetric scan the anodic current at the
HOPG/(SO4)2Mo18 electrode is much larger than at the bare HOPG elec-
trode. It differs by a factor 6, which suggest that the reduction of IO –3 is
catalyzed by the protonated (SO4)2Mo18 clusters at the HOPG/(SO4)2Mo18
electrode:
3 [HnMo18O54(SO4)2]
4− + IO −3 −−→
3 [Hn−2Mo18O54(SO4)2]
4− + I− + 3 H2O
As shown in Figure 6.4c, the cathodic current resulting from the electro-
catalytical reduction of iodate catalyzed by the protonated molecules of
(SO4)2Mo18 decreases at an increasing number of voltammetric scans.
This behavior is in line with the decreasing peak currents of the redox pro-
cesses of the (SO4)2Mo18 clusters as shown in Figure 6.3b. Due to the pro-
posed deactivation of the clusters, either by desorption or decomposition,
they can no longer act as catalysts in the reduction of IO−3 . Eventually, the
reaction rate at the HOPG/(SO4)2Mo18 electrode becomes equal to the
reaction rate at the unfunctionalized electrode, indicating full deactivation
of the catalytic clusters.
The lack of an oxidative current at positive potential which can be
related to the reduction of the iodate, indicates that this reduction is ir-
reversible. Therefore, during each voltage cycle more I– ions are liberated
into the electrolyte, and at 530 mV a new redox couple appears which
corresponds to the reaction:
2 I− −−⇀↽− 2 e− + I2.
Figure 6.4d shows that the peak currents correlated to this reaction increase
with the number of scans, hence with increasing I– concentration.
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6.6 Conclusion
The construction of HOPG electrodes modified with catalytically active
polyoxomolybdate clusters has been described. The electrodes have been
characterized with the help of scanning probe microscopy and cyclic voltam-
metry. Tapping mode atomic force microscopy revealed the presence of a
sub-monolayer of the (SO4)2Mo18 clusters as small islands on the HOPG
surface. The (SO4)2Mo18 clusters can be electrochemically reduced in
an electrode-containing sulphuric acid solution. Four redox processes of
pairs of unresolved one-electron reductions were observed. Each of these
reductions is accompanied by a protonation of the cluster. The proto-
nated (SO4)2Mo18 clusters on HOPG were capable of electrocatalytically
reducing iodate to iodide ions, both of which were dissolved in the elec-
trolyte. This reduction was found to be 6 times more efficient at the
HOPG/(SO4)2Mo18 electrode than at a bare HOPG electrode.
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Appendix A
Templating of CuTNP on C50
The templating of 5,10,15,20-tetranonadecaneporphyrinatocopper(II) (Cu-
TNP) on a monolayer of n-pentacontane (C50) is described in this ap-
pendix. Both molecules, depicted below, were dissolved in n-tetradecane
(10−4 M). Immediately after applying 3—8 µL of the CuTNP or C50 so-
lution to a freshly cleaved HOPG self-assembled monolayers start to grow.
Figure A.1a and b show the STM images of the CuTNP and C50, respec-
tively. The unit cell of both assemblies are drawn in and the dimensions
correspond to a= 2.5±0.2 nm× b= 2.6±0.2 nm, 89±5◦ and c= 6.3±0.2 nm
× d = 0.4±0.2 nm, 60±8◦.
N
N
NN
C19H39 C19H39
C19H39C19H39
Cu
After the formation of the C50 monolayer a droplet of the CuTNP
solution is added to the HOPG surface. A bilayer structure as shown in
Figure A.1c and d appears. Panel c shows the STM image several minutes
after the addition of the CuTNP. The bilayer structure is visible in the
lower part of the image. After six hours the whole image area is covered with
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the bilayer structure. The unit cell dimensions of the templated porphyrins
are e = 2.4±0.4 nm × f = 1.8±0.4 nm, 92±10◦.
An almost similar system has been studied before by J. Visser.1 In this
study, the unit cell of the templated porphyrins was similar to the unit cell
dimensions of the non-templated porphyrins. In this case however, the unit
cells of the non-templated and templated CuTNP are unequal. This is
most likely caused by a difference in the alkyl tails. In the study described
by J. Visser, the porphyrins were equipped with 4 dodecyl (C12H25) tails
and when they adsorb on HOPG two tails are immobilized on the HOPG.1
d
25 nm
f
e
25 nm
c
20 nm
b
c d
a
5 nm
a b
Figure A.1: (a) STM image of CuTNP (a), C50 (b) and the templating
of CuTNP on C50. Tunnel parameters: (a) It=75 pA, Vbias=350 mV, (b)
It=80 pA, Vbias=-666 mV, (c) and (d) It=75 pA, Vbias=-666 mV.
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Our molecules were equipped with four nonadecane (C19H39) tails and upon
the adsorption on HOPG at least three tails are adsorbed on the HOPG,
Figure A.1a. This already indicated a difference in the van der Waals
interaction between the different porphyrins and the HOPG. It is therefore
also likely that the different porphyrins interact differently with the C50
template.
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Summary
Molecules can order themselves in larger structures. An example is the
ordering of molecules at a solid/liquid interface. This spontaneous order-
ing is known as self-assembly. The formed structures can be characterized
using a scanning tunneling microscope. This microscope creates a topo-
graphy image of the interface with a sub-molecular resolution. This allows
characterization of the behavior of individual molecules. The ordering and
electrochemical behavior of molecules self-assembled at the solid/liquid in-
terface is the topic of this thesis.
Chapter 2 describes how the distances between porphyrins that are self-
assembled at the solid/liquid interface can be influenced by changing the
chemical structure of the used molecules. Two different porphyrin dimer
structures were made: an acetylene-linked dimer and an azaanthracene-
linked dimer. The acetylene-linked dimer was made with two copper por-
phyrin moieties and with a copper and a manganese porphyrin moiety. The
azaanthracene-linked dimer was made with either two copper or two man-
ganese porphyrin moieties. Thus in total four different porphyrin dimer
structures were used. All dimers formed at least one self-assembled struc-
ture on HOPG in which the plane of the porphyrins is parallel to the sur-
face. Due to the difference in the molecular structure of the two types
of dimers, the unit cells of the formed monolayers of the acetylene-linked
and azaanthracene-linked dimers differ. On the other hand, the different
porphyrin moieties within the different dimer structures did not affect the
determined unit cells. The use of porphyrin dimers increased the control
over the distance between the different porphyrin moieties. In addition to
the monolayer described above, the hetero-metallic acetylene-linked dimer
also ordered in a different manner. In some cases a bilayer structure was ob-
served. The unit cell dimensions of the top and bottom layer were found to
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be the same, but different from the unit cell dimensions of the monolayer.
The top layer appeared to be dynamic. Hereby, single dimer molecules
could be exchanged with dimers from the supernatant solution, and the
whole top layer could move with respect to the bottom layer. Finally the
hetero-metallic acetylene-linked dimers also assembled into layers in which
the molecules had an ‘edge-on’ orientation with respect to the surface.
The ordering of porphyrins can also be affected by using a molecular
monolayer as templating layer. This is the topic of Chapter 3. Phenyl-
azide and phenylacetylene derivatives were used as molecular template.
Both molecules assembled in a similar non-porous packing at the HOPG/1-
phenyloctane interface. Subsequently, copper and nickel porphyrins assem-
bled onto the molecular template in two well-ordered patterns. In both
patterns, the porphyrins are well-separated from each other. The preferred
adsorption spots match with a subtle superstructure present in the templat-
ing monolayer. The two observed patterns differ in the density of templated
porphyrins. In the densest pattern, the templating is only determined by
the subtle superstructure in the templating monolayer. In the other pack-
ing, interactions between the templated porphyrins hinder the adsorption
on spots that would be available in the dense packing. It is suggested that
the concentration of the porphyrins in the supernatant solutions plays a
role in which templating pattern is observed.
The redox behavior of manganese porphyrins on different surfaces is dis-
cussed in Chapter 4. When adsorbed on conducting surfaces, manganese
porphyrins can be reduced. In general, the reduction can be driven by two
different mechanisms. The surface can actively reduce the manganese center
through the donation of an electron, or the surface coordinates to the man-
ganese center in an axial ligand fashion. If the reductions are caused by an
active reduction of the manganese centers, an additional current might start
to flow next to the tunnel current. Analyses of these additional currents and
of ex-situ UV-vis measurements indicated which mechanisms drive the re-
duction under certain experimental settings. When using 1-phenylocatene
as solvent and HOPG as sample surface, the reduction is most likely driven
by an active reduction of the manganese centers. These results indicate
that, at least under some experimental conditions, the HOPG surface is
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capable to actively reduce the manganese centers.
The development of the Nijmegen electrochemical STM (NEC-STM)
is the topic of Chapter 5. This STM can be used to image samples in a
conducting liquid with full control over the potential of the sample. This
gives control over the redox reactions that might occur at the solid/liquid
interface. The development of the NEC-STM requires the introduction of
a three-electrode cell into the STM design. In this setup, two potential dif-
ferences can be controlled: the potential of the sample surface with respect
to a known stable reference potential, and the potential difference between
the tip and the sample. Furthermore, the NEC-STM allows the use of con-
ducting liquids. This all comes with a price. Due to the presence of redox
couples and ions in the used solution, additional currents can overwhelm
the tunnel current. This effect is suppressed by using coated tips. With
the tips used, the additional currents can be reduced to 1 nA. Unfortu-
nately the molecular monolayers of our interest are unstable at these high
tunnel currents, making the characterization of these monolayers with full
electrochemical control impossible.
The final chapter describes the electrochemical behavior of HOPG elec-
trodes modified with catalytically active polyoxomolybdate clusters. The
presence of the clusters on the HOPG surface was confirmed by tapping
mode AFM. The clusters assembled into small islands, forming a sub-
monolayer structure. In a next step the redox behavior of the clusters was
studied using the electrochemical part of the NEC-STM. Cyclic voltam-
metry reveals four redox processes of pairs of unresolved one-electron re-
ductions. Each of these reductions is accompanied by a protonation of the
cluster. These protonated clusters were capable of electrocatalytically re-
ducing iodate to iodide ions, both of which were dissolved in the electrolyte.
This reduction was found to be 6 times more efficient at the HOPG/cluster
electrode than at a bare HOPG electrode.
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Samenvatting
Moleculen kunnen zichzelf organiseren in grotere structuren. Een voorbeeld
hiervan is de ordening van moleculen op een grensvlak tussen een vloeistof
en een vaste stof. Deze spontane ordening staat bekend als zelfassemblage.
De gevormde structuur aan het grensvlak kan worden bestudeerd met een
rastertunnelmicroscoop. Deze microscoop maakt een soort topografisch
plaatje van het grensvlak, waarbij de structuur van de moleculen en de
structuur in de moleculen zichtbaar wordt. Het is dus mogelijk de individu-
ele moleculen te bestuderen met een sub-moleculaire resolutie. Dit proef-
schrift beschrijft het zelfassemblagegedrag van moleculen aan het grensvlak
tussen een vloeistof en een vaste stof, en het elektrochemische gedrag van
deze moleculen.
In hoofdstuk 2 wordt beschreven hoe de afstand tussen porfyrinestruc-
turen op een vaste stof/vloeistof grensvlak kan worden be¨ınvloed door de
chemische structuur van de gebruikte porfyrinemoleculen aan te passen.
Hierbij zijn twee verschillende porfyrinedimeerstructuren gebruikt: een di-
meer met een acetyleenbrug en een dimeer met een antraceenbrug. De
porfyrinestructuren in de dimeren bevatten verschillende metaalionen. Ee´n
acetyleendimeer is gemaakt met twee koper metaalionen en een ander acety-
leendimeer met een koper en een mangaan metaalion. Het antraceendimeer
is gemaakt met twee koper metaalionen en met twee mangaan metaal-
ionen. In totaal zijn er dus vier verschillende soorten dimeren gemaakt.
Elk van deze vier dimeren zelfassembleert in minstens e´e´n ordening op
een grafiet/1-phenyloctaan grensvlak. Hierbij ordenen de moleculen zich
met het molecuulvlak parallel aan het grensvlak. Door het verschil in de
molecuulstructuur van de acetyleen- en antraceendimeren, assembleren deze
dimeren zich anders ten opzichte van elkaar op het grensvlak. De verschil-
lende metaalcentra daarentegen hebben geen effect op de gevormde orde-
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ning op het grensvlak. Het gebruik van verschillende dimeren staat dus
enige vorm van controle over de afstand tussen de porfyrinestructuren toe.
De hierboven beschreven zelfgeassembleerde ordeningen bestaan uit een
enkele laag moleculen. Het hetero-metaal acetyleendimeer zelfassembleerde
ook in een dubbele laag ordening. De eenheidscellen van de eerste en tweede
laag zijn gelijk aan elkaar, maar verschillend van de eenheidscellen van de
enkele laag ordening. Daarnaast is de tweede laag dynamisch. Hierbij
kunnen individuele dimeren vervangen worden door dimeren uit het oplos-
middel, of de gehele bovenste laag kan zich verplaatsen ten opzichte van
de onderste laag. Tenslotte kan de hetero-metaal acetyleendimeer zich ook
met zijn molecuulvlak loodrecht ten opzichte van op het grensvlak ordenen.
De afstand tussen de porfyrinestructuren kan ook worden be¨ınvloed
door gebruik te maken van een moleculair sjabloon, dit is het onderwerp van
hoofdstuk 3. Als moleculair sjabloon zijn lagen van moleculen afgeleid van
phenylazide en phenylacetyleen moleculen gebruikt. Beide moleculen zelf-
assembleren in een niet-poreuze enkele laag op het grafiet/1-phenyloctaan
grensvlak. Deze enkele laag fungeert als een moleculair sjabloon voor
nikkel- en koperporfyrines. Toegevoegde nikkel- of koperporfyrines orde-
nen zichzelf op het moleculaire sjabloon. Hierbij zijn twee verschillende
ordeningen waargenomen. Voor deze beide ordeningen geldt dat de afstand
tussen de porfyrines groter is op het sjabloon dan wanneer de porfyrines
zelfassembleren op het grensvlak zonder het sjabloon. Een subtiele perio-
dieke structuur in het moleculair sjabloon komt overeen met de periodieke
ordening van de porfyrines. In e´e´n van de twee waargenomen ordeningen
van de porfyrines wordt de ordening enkel bepaald door de structuur in de
enkele laag. Bij de tweede ordening van de porfyrines wordt de ordening
ook nog bepaald door interacties tussen de geordende porfyrines. Welke
van de twee ordeningen dominant is, wordt waarschijnlijk bepaald door
de gebruikte concentraties van porfyrines in de bovenstaande vloeistof ten
opzichte van de moleculen van het sjabloon.
Het elektrochemische gedrag van mangaanporfyrines aan verschillende
vaste stof/vloeistof grensvlakken is het onderwerp van hoofdstuk 4. Man-
gaanporfyrines kunnen gereduceerd worden aan stroomgeleidende opper-
vlakken. Reductie kan door twee verschillende mechanismen plaatsvinden.
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Ten eerste kan het oppervlak de porfyrine reduceren door een elektron
aan de porfyrine af te staan. Ook is het mogelijk dat het oppervlak een
datieve binding aangaat met de porfyrine. Als de reductie veroorzaakt
wordt door een actieve reductie, dan moet in een rastertunnelmicroscoop
een stroom gaan lopen naast de tunnelstroom. Toevoeging van een oplos-
sing van mangaanporfyrines aan het grafiet/1-phenyloctaan grensvlak laat
dergelijke additionele stromen zien. Een verdere analyse met UV/vis spec-
troscopie laat zien dat de oxidatietoestand van de mangaanporfyrines in-
derdaad veranderd is. Het is dus zeer waarschijnlijk dat aan het grafiet/1-
phenyloctaan grensvlak mangaanporfyrines actief kunnen worden geredu-
ceerd door het grafiet oppervlak.
De ontwikkeling van de Nijmegen elektrochemische rastertunnelmicro-
scoop is beschreven in hoofdstuk 5. In deze opstelling is het mogelijk
een vaste stof/vloeistof grensvlak te bestuderen waarbij gebruik gemaakt
kan worden van geleidende vloeistoffen. Daarnaast geeft deze opstelling
volledige controle over de potentiaal van het grensvlak en dus over redox-
gedrag dat plaatsvindt aan het oppervlak. De elektrochemische rastertun-
nelmicroscoop is in principe een combinatie van de rastertunnelmicroscoop
en een drie-elektroden systeem. De spanningsvallen tussen het grensvlak,
de tip en de verschillende elektroden worden geregeld met een potentiostaat.
Deze maakt het mogelijk om niet alleen het potentiaalverschil tussen het
grensvlak en de tip in te stellen, maar ook om de potentiaal van het
grensvlak ten opzichte van een referentie-elektrode in te stellen. Het ge-
bruik van geleidende oplossingen vereist dat de tip bedekt moet worden met
een stroom-isolerend materiaal. Hierdoor kan de storende stroom als gevolg
van redoxreacties aan het tipoppervlak gereduceerd worden tot onder de 1
nA. Echter, moleculaire enkele lagen van porfyrines staan dergelijke hoge
tunnelstromen niet toe. Het is dan ook niet mogelijk om in deze opstelling
het redoxgedrag van porfyrines aan het grensvlak te bestuderen.
Het laatste hoofdstuk van dit proefschrift gaat over het elektrochemische
gedrag van niet-organische moleculen. Een grafietoppervlak werd gedeco-
reerd met de polyoxometalaat clusters, door het oppervlak te bedruppelen
met een oplossing van polyoxometalaatclusters in aceton. Met behulp van
een atoomkrachtmicroscoop werd geverifieerd of het grafiet oppervlak in-
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derdaad gedecoreerd is met de clusters. Cyclische voltammetrie liet vervol-
gens zien dat de polyoxometalaatclusters een rijk redoxgedrag hebben. Zij
kunnen in het beschikbare elektrochemische bereik minstens acht keer gere-
duceerd worden. De reductie van het cluster gaat gepaard met een protoner-
ing waardoor de netto lading van de clusters gelijk blijft. De geprotoneerde
clusters zijn in staat de reactie van jodaat naar jodide te katalyseren. Deze
reactie is zes keer zo efficie¨nt aan een polyoxometalaat-gedecoreerd grafiet-
oppervlak dan aan een niet gedecoreerd oppervlak.
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